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Ir  is  a  somewhat  trite  remark  thai  had  the  properties  of 
Electric  Currents,  and  es|)eciaily  of  tiiictiiating  t  urrents,  been 
discovered  before  the  phenomena  of  Electrostatics,  not  only 
would  the  development  of  Electrical  Science  have  been 
changed,  but  the  whole  of  the  nomenclature  employed 
would  have  l>een  profoundly  modified.  The  attention  o 
investigators,  freed  from  the  tyranny  of  action-at-a-distance 
theories,  would  have  been  fixed  quite  as  much  on  the 
actions  taking  place  in  the  surrounding  medium,  as  upon 
those  manifested  in  the  conductors.  What  names  would 
have  been  adopted  to  specify  the  various  ])henomen3  it  is 
not  easy  to  imagine,  but  it  is  almost  certain  that  the  word 
"  current ''  would  not  have  been  used  at  all  in  the  sense 
"  now  attached  to  it.  Instead,  we  should  probably  have  had 
a  nomenclature  in  which  the  part  played  in  electrical 
>  phenomena  by  the  medium  surrounding  conductors,  would 
S  have  been  as  prominently  recognised  as  that  played  by  the 

conductors  ihcmsclves. 
^        '1  he  following  pages  are  an  attempt  to  place  before  the 
M  reader  the  present  position  of  Electrical  Science  by  con- 

fstituting  the  group  of  phenomena  usually  referred  to  as 
"  effects ''  of  the  electric  cuirent,  the  central  facts  about 
whi'.h    the    subjcit  is  arranged.     Certain  it  is  that  these 
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"effects"  have  been  by  far  the  most  fruitful,  if  not 
exxlusively  so,  in  ihir  services  which  llie  so-called  "  l-llec- 
iricity ''  hns  been  furced  to  render  to  in.inkind.  Moreover, 
they  present  to  the  philosophical  mind  problems  which 
transcend  in  interest,  though  inseparably  connected  with, 
those  presented  by  the  more  early  discovered  phenomena. 
Necessarily  the  old  names  have  been  used  throughout,  for 
these  are  now  loo  much  ingrained  and  embedded  in  the 
literature  of  the  science,  as  well  as  in  the  popular  mind, 
to  be  displaced  by  more  suitable  ones.  Mathematical 
symbols,  though  not  absolutely  tabooed,  have  been  cm» 
ployed  very  siiaringly,  and  will  cause  no  trouble  to  the 
noil  inatheniatical  reader.  Instead  of  hiding  the  facts  in 
such  symbols,  the  attempt  is  made  to  give  the  reader  a 
thorough  grasp  of  the  physical  phenomena  which  underlie 
and  justify  the  equations  of  the  mathematician.  How  far 
the  .ittcmpl  has  been  successful  others  must  judge,  but  no 
difficulty  connected  wiili  the  mure  recondite  phenomena 
has  been  consciously  shirked,  and  the  author  trusts  that  he 
has  succeeded  in  making  manv  of  these  clear  to  the  average 
reailer.  The  general  |)lan  of  the  work  can  readily  be 
gathered  from  the  table  <>(  contents, 

The  original  intention  was  to  have  dealt  fully  and  in 
detail,   from  the  above  mentioned  point  of  view,  with  all 
branches  of  Electrical  Science,  but  considerations  of  space, 
and  the  fear  of  exhausting  the  patience  of  the  reader,  have 
compelled  the  author  most  reluctantly  to  curtail   his   plir 
seriously.    To  lake  one  instance  only;  it  was  intended 
t:onnection    with   electrostatic    measuring    instruments 
deal  fully  ivith  the  subject   of  Klectro.-italics  and 
strains  in  the   medium-     KugfiPL  hfiwyyi-T.  rfMi't*^ 
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found  for  a  very  brief  discussion.  Then  again,  "  Electric 
Waves,"  wliiih  were  to  iiave  constituted  an  im])oriant 
section,  iiave  liad  to  jje  treated  very  l)rietly.  Nnnicrous 
other  instances  of  curtailment  could  he  pointed  out,  but  the 
author  trusts  that  in  the  750  pages  here  presented  there 
still  remains  a  very  full,  and  in  many  directions  a  very 
detailed,  account  of  the  leading  phenomena  of  Eleclricity 
and  their  modern  applications.  He  may  also  perhaps 
hope  that,  should  this  atteni])t  be  favourably  received,  he 
may  be  i)er(nitted  at  some  future  lime  to  complete  his 
original  plan. 

In  illustrating  the  historical  sections,  recourse  has  been 
had,  wherever  feasible,  to  the  original  diagrams  of  inves- 
tigators, as  being  far  more  interesting  than  drawings  of 
improved  modern  apparatus  developed  therefrom.  In 
particular  the  researches  of  Gilbert,  Volta,  Coulomb, 
Faraday,  and  others  have  been  so  laid  under  contribution. 
But  in  respect  of  the  modern  position  of  the  science,  it  is 
my  pleasing  duty  gratefully  to  acknowledge  the  assist 
ance  which  I  have  received  in  ilhisiraling  the  text  from 
numerous  friends  and  electrical  firms ;  more  especially 
in  the  sections  devoted  to  "  Secondary  llatteries,"  "  Hyna- 
rac;s,"  "  Measuring  Instruments,"  and  the  "  Applications  of 
the  Electric  Current "  am  1  indebted  to  this  help  for 
examples  of  the  most  moilern  apparatus  and  appliances.  A 
full  list  of  all  these  obligations  would  be  tedious  and 
perhaps  uninterestuig  to  the  reader.  In  most  cases  the 
names  of  those  whom  I  have  to  thank  for  the  use  of 
illustrations  are  mentioned  in  immediate  connection  there- 
with, and  perhaps  they  will  kindly  accept  this  tacit 
acknowledgment  of  the  obligation.     But  a  more  personal 
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"cfferts"    have   been    liy    far    ilic    hkini    truitful,    if 
exclusively  so,  in  the  services  which  the  socallerl  •'  E 
tricily  "  iuis  been  forced  to  render  to  mankind.     Moreovei 
ihcy   present    to   thi-  philosophiL-al  mind  problems   whicK 
iransccijd  m  interest,  though   insep.iraljly  connected  with, 
those  presented  by  the  more  early  discovered  phenonien, 
Necessarily  the  old  names  have  been  used  throughout,  fc 
these  arc  now  too  much  ingrained  and  embedded  in  ih 
literature   of  the  science,  as  well  as  in  the  ])(>pulnr  mind, 
1(1    be  displaccti    by  mure    suitable   ones.     Mathcmalic 
syn>boLs  though  not    absolutely  tabooed,  have    been   cr 
ployed    very    sparingly,   and  will  cause  no  trouble  to  thi 
non  mathematical  reader.     Instead  of  hiding  the  facts 
such   synibols,  the  attempt  is  made  to  give  the  reader 
ihornugli  ^rasp  ol  llie  physical   plu-nomena  which  undcrli 
and  ju.stify  the  cipi.iiitms  of  the  niathematirian.     How   fa; 
the  attempt  has  liccn  successful  others  must  judge,  but  n 
difficuliy  connected   with   the  more  recondite  phenomcni 
has  been  consciously  shirked,  and  the  author  trusts  that  h< 
has  succeeded  in  making  manv  of  these  clear  to  the  avcrngi 
reader.      The  .ncncral   plan   of  the  work  can    readily   be 
gathered  from  the  table  o/  contents. 

The  original  intention  was  to  have  dealt  fully  and  in 
detail,   fiom  the  alK>vc  mentioned  |)oint  of  view,  with  ti 
branches  of  l-'leciricjil  Science,  but  considerations  of  s|).ii 
and  the  fear  of  exhaustinj;  the  patien(  e  ol  the  render,  h 
compelled  the  author  roost  reluctantly  to  curtail  his  \ 
seriously.     'I'o  take  one  instani:c  only :  it  was  iuten 
connection    with   cIcrlrDstatic    mejisuring    instrume 
deal  fully  with  the  subject   of  KIcctroMatics  and 
strains  )n  the   medium.     Room,  however,  could 
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•  .s.ry  brief  discussion.  'l"hcn  iiK.iiii,  "  I'.ln  (iii 
Ws«a,*  "bid*  »etr  lo  have  consiiiulctl  nn  iui|>iiiiiiiil 
cection,  hive  lud  to  l>c  trrated  wry  liriolly,  NuinnfOil* 
other  iBsUnrrs  oT  curuiilnicni  roiild  he  luiintctl  mil,  )iiil  \\\v 
sathor  trmts  that  m  \\\c  750  [wgui  hi-ic  |irciici\UMl  ilurif 
•tai  remains  a  very  full,  and  in  many  dirortlon*  A  very 
account  of  the  lending  [jhtnomcriH  of  Klntrliily 
their  modem  nppliraiions.  He  may  nUu  |ii'rliii|ii« 
hofte  that,  should  this  uttenipt  Ite  lavournUly  rto-lveil,  he 
may  be  pennittei)  ai  some  Aiinre  iliiie  to  riim|ilete  I1I1 
original  ]>lan. 

In  illustrating  the  historical  steclicinx,  rcrour^o  haw  been 
had.  where\Ter  feasihlc,  lo  ihe  original  didgrAinii  of  Invot- 
liguors,  as  being  far  more  interesting  than  drawinnH  nl 
improved  modern  apparatus  ilcvtloped  (li<Ti.'l°toin.  In 
particular  the  researches  of  (iillicrl,  Volla,  C'lmlimib, 
Faraday,  and  others  have  been  so  laid  under  cdntribiitinn. 
But  in  respect  of  the  modern  positir)ii  of  the  nrjcme,  it  U 
my  pleasing  duty  gratefully  to  atkn<iwleilge  the  a-mUl 
ancc  which  I  have  received  in  illustrating  the  text  liom 
numerous  friends  and  elerirical  firms ;  more  ckpcciallv 
in  the  sections  devoted  to  "Secondary  liattcrits,"  "  I'yna 
mos,"  "  Measuring  Instruments,"  and  the  "  Applications  of 
the  Electric  Current "  am  t  indebted  to  IhiH  help  for 
cjtamples  of  the  most  modern  apparatus  and  appliances.  A 
full  list  of  all  these  ubligations  would  be  tedious  and 
perhaps  uninteresting  to  the  reader.  In  most  cases  the 
nanws  of  those  whom  I  have  to  thank  for  the  use  of 
illustrations  are  mentioned  in  immediate  connection  there- 
with, and  perhaps  they  will  kindly  accept  this  tacit 
acknowledgment  of  Ihe  obligation.     But  a  more  person.il 
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CHAPTER  I. 

INTRODUCTION. 

Throughout  all  ages  ihe  grandeur  of  the  thunderstorm  has 
excited  the  admiration,  and  oftentimes  aroused  the  fears  and 
superstitions  of  mankind,  but  it  was  not  until  a  compara- 
tively recent  date  (vi>.  1752)  that  Henjamin  l-'ranklin  expe- 
rimentally showed  the  connection  between  the  h'ghtning  flash 
and  an  electrical  experiment  made  nearly  2,400  years  pre- 
viously by  an  unknown  (jliilosopher.  Thales  of  Miletus 
(U.C.  600)  is  said  to  have  described  the  [iroperty  of  attract- 
ing light  bodies  which  a  piece  of  amber  ac<]uires  when 
rubbed.  For  many  centuries  after  Thales,  nothing  was  done 
to  investigate  Ihe  cause  of  the  attraction  excrriscd  oy  the 
rubbed  amber,  though  a  few  observations  bearing  on  the 
same  subject  were  made  and  recorded.  'I'bc  fust  man  who 
systematically  repealed  the  observations  of  the  ancients,  and 
by  greatly  e.\tcnding  them  became  the  founder  of  a  new 
science,  was  Gilbert  of  Colchester,  who  in  1600  published 
a  book  in  which  he  showed  that  the  projjerty  possessed  by 
the  rubbed  amber  was  also  displayed  by  a  vast  number  of 
other   bodies.      Not   only   did   Cilbert   thus    become    the 
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founder  of  the  science  of  Electricity,  but  he  also  gave  the 
name  to  the  science,  for  he  it  was  who  first  used  the  term 
"  electric,"  which  he  derived  from  the  Greek  name  (flXticrpoj') 
for  amber. 

A  different  class  of  ancient  observations,  which  iireviously 
to  Gilbert  had  not  been  quite  so  barren  of  practical  applica- 
tion, was  that  in  which  the  earliest  recorded  fact  was  the 
attraction  which  the  lodestone  exerted  on  iron.  It  is  doubt- 
ful whether  the  word  magnet  is  due  to  the  lodestone  being 
first  found  by  a  shepherd  named  Magnes,  as  mentioned  by 
Pliny,  or  to  the  circumstance  that  these  black  stones  were 
first  found  near  a  town  called  Magnesia.  Not  only  was  it 
known  in  these  ancient  limes  that  the  lodestone  attracted 
and  sometimes  repelled  iron,  but  also  that  it  could  com- 
municate this  property  to  iron  itself,  or,  as  we  now  say,  it 
could  magnetise  iron.  The  Chinese  are  supposed  to  have 
known,  as  early  as  a.d.  120,  that  a  magnetised  iron  needle, 
when  properly  suspended,  points  approximately  north  and 
south,  and  the  mariner's  compass  appears  to  have  been 
used  as  early  as  the  twelfth  century,  if  not  earlier.  The 
"dip"  of  the  needle  was  discovered  in  1544  by  Hartmann, 
and  independently  in  1576  by  Norman,  who  made  several 
ingenious  magnetic  experiments.  Then  we  reach  Gilbert, 
who  in  the  work  already  mentioned  much  extended  our 
knowledge  of  magnetic  phenomena  also,  by  numerous 
observations  which  we  shall  describe  in  the  proper  place. 

From  the  time  of  Gilbert  onwards  the  sciences  of 
Electricity  and  Magnetism  progressed  slowly  but  surely 
along  separate  lines,  and  it  was  not  until  the  present 
century  that  the  long-sought-for  link  connecting  them  was 
found  by  the  discovery  of  Oersted  in  1820  that  an  electric 
current  was  able  to  influence  a  magnetic  needle.  The 
discovery  of  Oersted  was  followed  by  the  brilliant  investiga- 
tions of  Ampere  and  Faraday,  and  these,  together  with  the 
results  of  the  labours  of  a  host  of  other  workers  in  the  same 


I.vTKonucTiofr.  ^ 

field,  rapidly  extended  our  knowledge  of  the  properties  of 
the  electric  current  and  the  means  liy  which  it  could  be 
produced.  These  properties  have  proved  so  adaptive  to 
the  service  of  man  that  they  have  been  seized  upon  by 
numerous  inventors,  who,  hand-in-haml  with  pure  scientists, 
have  so  effectually  laboured  at  their  task  that  lo-day  the 
electric  current  promises  shortly  to  become  the  most  useful, 
as  it  certainly  is  the  most  wonderful,  of  the  ser\'ants  of 
mankind.  It  has  already  profoundly  modified  the  social 
relations  of  modern  civilised  life  by  giving  us  the  electric 
telegraph,  which  enables  the  nierchiint  to  keep  his  hand 
upon  the  pulse  of  the  world's  markets,  nukes  it  possible  for 
the  traveller  to  be  whirled  along  safely  at  the  rate  of  seventy 
miles  an  hour,  puts  the  journalist  of  Fleet  Street  in  touch 
with  the  farthest  comers  of  the  earth,  brings  the  diplomatists 
of  all  civilised  countries  into  one  vast  presenie-th:iml)er, 
and,  in  various  other  directions  too  numerous  to  summarise, 
affects  directly  or  indirectly  the  life  of  every  citizen  of 
every  country  into  which  it  has  penetrated,  and  makes  its 
inlluence  felt  even  in  countries  in  which  it  is  as  yet 
unknown.  In  a  minor  way  the  electric  current  is  changing 
our  environment,  by  (iroviding  us  with  a  brilliant  and  pure 
artificial  light  for  our  houses  and  streets,  and  is  multiplying 
our  artistic  surroundings  by  means  of  the  processes  of 
electroplating  and  eleclrotyping. 

Hut  a  social  revolution  even  greater  than  that  produced 
by  the  ekrtric  telegraph  is  now  looming  in  the  immediate 
future,    in    the   i»ossibilities   underlying   the   electric  trans- 
mission of  mcchaniral  [MDwer  to  a  distance  from  the  source 
,  where  it  is  generated,  and  the  distribution  of  large  iiuantities 
1  of  enCTgy  amongst  a  number  of  small  consumer.'*.     What 
these  j)ossibilities  are,  has  been  well  described  by  une  of 
our  leading  statesmen,  who  naturally  regards  the  question 
'  dispassionately  from  a  statesman's  standpoint,  and  without 
the  enthusiasm  uf  the  scientist  or  the  inventor.     We  vVxt^k, 
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Ill'  r<:forc,  that  wc  <^nnot  do  better  than  place  his  views 
\ir\i><f  our  r(;;ul»:rH  in  his  own  words.     He  says  : — 

•'  I  do  not  despair  of  the  results  that  this  distribution  of 

tor*  <:  ni.-iy  w  attcr  thf/se  aggregations  of  hununity  which,  I 

liiink,  It  is  not  one  of  the  highest  merits  of  the  discovery  of 

tli»    f,  ;,ni  (  nginc  to  have  producefl.     If  ever  it  shall  happen 

ti.it  in  the  house  of  the  artisan  you  can  turn  on  power  as 

now  )oii  ran  turn  on  gas   (and  there   is   nothing   in   the 

t  ■,  .cxi'i;  of  the  prowlcm,  there  is  nothing  in  the  facts  of  the 

,'  i'ti'.e  as  we  know  them  that  shall  prevent  such  a  con- 

,jrnriiation   from  taking  place,   that  distribution  of  power 

•. ■,:,'!  he  so  organised;,  you  will  then  see  men  and  women 

.  'o  pursue  in  their  own  houses  many  industries  which 

' -A    r-  uire   the  aggregation  of  the  factor)-.     You  may, 

.     .  •   i^.- women  and  children  pursue  those  industries 

■"_..""•-,-  ciir--j:ion  of  the  family  which  is  one  of  the 

"■""""_.".....  -;_^.;'.;5  of  the  present  requirements  of  the 

-"'/■  "  "■ '.l  :    ■;••  ever  that  result  shall   come   from   the 

■    "'    ."\  '^\;».^:,ud  and  Faraday,  you  may  say  that  they 

-•-';■''  ■■    ,J  .vjjj^  nierely  add  to  the  physical  force  of 

-••'■-    ■■  ; '    ■..7;^'!  w-ve   done   much  to  sustain  tiuu  unity. 


■t:i* 
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iaiuily  upon  which  rest   the   moral 
and  the  strength  of  the  community  to 
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or   the   "  Electric  Current ;  '*   and  it  is  seldom  (and    then 
chiefly  for  purpKDses  of  measurement)  that  the  properties  of 
electricity  at  rest  are  practically  utilised.     In  fact,  our  chief 
coDcem   will  not   be   with   that  department  of  electricity 
which  deals  with  pith-balls,  Leyden  jars,  proof  planes,  glass- 
plate  machines,  and  so  forth,  and  which  has  been  a  source 
of  wonder    and    delight    to   generations.     Though  still   of 
great  philosophical   importance  in  all  inquiries  concerning 
the   ultimate    causes    of    electrical    phenomena    and    the 
nature  of  electricity  itself,  and  though   it  was  the  earliest  to 
l>e  submitted  to  strict  scientific  investigation,  this  part  of  the 
science  must  now  yield  the  first  place  to  its  more  vigorous 
olTspring.     We  by  no  means  intend  to  ignore  the  science  of 
Electrostatics,  or  Electricity  at  rest,  which  will  be  briefly  ron- 
si<lered  in  due  course  ;  but  we  wLsh  to  emphasise  throughouf, 
that  it  is  the  EUiiric  Current,  and  the  phenomena  directly 
connected  with  it,  that  have  raised  Electricity  to  the  proud 
position  of  being  one  of  the  most  potent  factors  in  the 
everj'day  life  of  civilised  nations,  and,  as  far  as  we  can  foretell, 
in  the  future  development  of  the  human  race.     We  shall, 
therefore,  deal  with  the  subject  chiefly  from  the  standpoint 
of  the  phenomena  of  currents ;  and  in  this  way  we  hone 
to  place  within  the  reach  of  our  readers  a  knowledge  of 
the    most    recent    discoveries    and    present  state  of  the 
of  I'lniricity. 
,  I  time  wc  shall  endeavour,  wherever  possible, 

"  ilge  in  a  quantitative  form,  so  that 
at  make  the  absurd  and  ludicrous 
electrical  quantities  which  are 
thfKc  whose  daily  occupation 
invi   contact    with   electrical 
|h.i\c  a  very  high  opinion  of  a 
(igh  a  diamond  on  the  large 
and  waggons,  or  of  an 
Ipgth   of  an   inch   or   two   {ksx 
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thousands  of  miles :  and  yet  mistakes  of  even  greater  n>ngni- 
tude  than  these  are  still  daily  made  with  regard  to  electrical 
quantities  by  those  who  should  know  belter.  Perhaps  now 
ihiil  electrical  conductors  arc  being  laid  in  all  the  principal 
parts  of  our  large  cities,  and  a  supply  of  elei:trical  energy  is 
being  placed  at  the  disposal  of  thousands  of  householder^, 
these  mistakes  will  tend  to  disappear.  At  any  rate,  it  will 
be  one  of  our  aims  to  guard  our  readers  against  them,  and 
to  familiarise  them  as  far  as  possible  with  the  electrical 
magnitudes  with  which  they  may  have  to  deal. 

Still,  we  must  not  forget  to  do  honour  to  iliose  men 
whose  labours  have  hel|)ed  to  bring  the  science  to  the 
position  in  which  it  stands  to-day  ;  and  we  propose,  there 
fore,  to  commence  with  a  brief  historical  sketch,  reserving 
fuller  historical  details  for  those  difl'crent  parts  of  the 
subject  to  which  they  more  intimately  refer.  Some  parts  ol 
this  historical  sketch  may  not  be  at  once  understood  by  the 
reader  who  has  no  accjuaintance  with  electrical  phenomena  ; 
but  it  will  be  convenient  to  collect  them  here,  where  they 
can  be  easily  referred  to  as  the  other  parts  of  the  hook 
are  being  read. 

HlSTORlCAI^ 

Gilbert. —The  great  work  in  which  William  Gilbert 
of  Coll  he.stcr  described  his  epoch-making  electric  and 
magnetic  experiments  is  entitled  De  Afagiicle  Afiignelicis- 
(jiic  Ci>rf>iirH'U!i  rt  d(  Mii'^no  Afitx'tele  Tellure  Phyiiologia 
A'cfvi,  and' was  published  in  1600.  As  was  the  fashion  of 
those  days,  it  was  written  in  t..atin,  which  v/as  then  the 
linjciia  fr,iiu-a  (%{  scientific  men  and  of  scholars  throughout 
Kuri)|>e.  The  (lilbert  Club  lias  recently  had  this  important 
book  translated  into  Rngli.sli,  so  that  it  is  now  accessible  to 
our  readers  in  their  own  tongue. 

(iillicrt's  groat  success  was  due  to  his  abandoning  the 
ntciliodx  uf  the  old  schoolmen,  and  fwllotring  those  methixls 
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which  have  ni.ide  modern  science  what  h  is,  and  wliich 
were  first  clearly  enunciated  in  the  Nin'um  Orgiiniim  in  1620 
by  Lord  Bacon  ;  with  whom  Gilbert,  us  physician  to  Queen 
Elizabeth,  must  have  been  brought  into  intimate  contact. 
The  older  scholastic  method  consisted  in  making  all  kinds 
of  fanciful  hypotheses  about  natural  phenomena,  but  these 
hypotheses  were  never  tested  by  exjieriment,  which,  indeed, 
was  held  to  be  unworthy  of  the  attention  of  a  true  philoso- 
pher. It  is  only  tn  the  nunibiiij;  influence  of  this  absurd 
system  that  we  can  ascribe  the  long  scientific  Ictliarf^y 
which  paralysed  even  the  acuiest  thinkers  of  ancient  Circcce 
and  Rome.  Bacon  dealt  this  system  its  death-blow,  and 
contemporaneously  C5ilbert  showed  to  the  world,  as  the 
result  uf  his  own  work  in  following  a  more  conmion-scnse 
system,  a  greater  amount  of  scientific  fruit  than  had  b(;cn 
gathered  under  its  rival  during  over  twcv  thousand  years. 

In  Magnetism,  Gilbert  enriched  the  science  with  so  many 
new  ideas  and  experiments  that  we  shall  find  it  more 
convenient  to  refer  to  them  when  we  are  dealing  with  the 
subject  of  magnetism.  In  Electricity,  he  repeated  and 
extended  the  observations  of  the  ancients,  and  found  that 
the  property  of  attracting  light  bodies  was  not  confined  to 
rubbed  amber,  but  that  numerous  other  bodies  when  rubbed 
possessed  the  same  property.  Thus  several  precious  stones 
(diamond,  sapphire,  carbuncle,  opal,  etc.),  r0ckcryst.1l, 
glass,  sulphur,  gum-mastic,  lac,  sealing-wax,  hard  resin, 
arsenic,  rock-salt,  mica,  and  alum,  behaved  like  amber. 
'l"he.sc  Gilbert  called  "  electrics."  But  he  was  unable  to 
fmd  that  the  following  bodies  were  excited  by  friction, 
viz.  :— emerald,  agate,  carneli.in,  pearls,  jasp.r,  chalcedony, 
alabaster,  porphyry,  coral,  marble,  Lydian  stone,  flints, 
haematites,  corundum,  bones,  ivory,  hard  woods,  metals, 
and  lodcstones.  Not  only  were  straws  and  light  films 
attracted  by  electrified  bodies,  but  also  metals,  stones,  earth, 
wocmI    leaves,  thick  smoke,  and  all  solid  and  fluid  bodies ; 
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thus  these  attractions  diflfcred  from  that  of  the  lodestone, 
which  appeared  to  be  confined  to  iron  alone,  (lilhert  also 
observed  that  the  production  of  electric  properties  is  affected 
by  the  state  of  the  atmosphere,  dry-ness  being  favourable 
and  moisture  unfavourable,  and  that  hot  or  burning  bodies 
lost  all  traces  of  ihrsc  | iro]K'rties. 

Boyle  and  Guericke.  Robert  Itoylc,  the  inventor  of 
the  air  pump  and  the  discoverer  of  the  well-known  Royle's 
I^iw  in  |)hysics,  and  Otto  von  (luericke  of  \fagdeliurg, 
contemporaneously,  about  thu  middle  of  the  seventeenth 
century,  enriched  the  science  with  new  facts.  The  f(>rmer 
Very  much  extended  the  list  of  known  electrics,  and  the 
latter  discovered  that  light  and  sound  were  produceil  by 
strong  electrification.  Guericke  was  also  the  first  to  ()bser>-e 
the  electrical  repulsion  of  a  light  body  which  had  touclicd 
an  excited  electric,  and  that  a  light  body  suspended  near  an 
electrified  body,  but  without  touching  it,  exhibited  electrical 
|)roperties.  In  most  of  his  experiments  he  used  as  his 
source  of  electricity  a  ball  of  sulphur  mounted  on  a  spindle, 
the  hand  being  employed  as  n  rubber. 

Newton  and  Hawksbee.  Sir  Isaac  Newton  and 
Hawksbee,  about  the  end  of  the  seventeenth  and  beginning 
of  the  eighteenth  ccntur),  enriched  the  science  with  several 
new  and  iniiwrtant  observations.  The  former  was  the  first 
to  sul)stitute  a  glass  globe,  still  rubbed  by  the  hand,  for  the 
sulphur  ball  employed  by  (lueiicke. 

Qray. — A  considerable  advance  was  made  by  Stephen 
day,  a  Fellow  of  the  Royal  Society,  by  his  discovery,  in 
1729,  that  certain  bodies  were  capable  of  conveying  (or  as 
we  now  iay  nuiifiu'ting)  electricity  from  one  body  to  another. 
He  first  used  a  glass  tube  closed  at  the  ends  with  corks; 
into  one  of  these  corks  he  fixed  a  fir  rod,  and  at  the  end  of 
the  rod  an  ivory  ball.  On  nibbing  the  glass  he  found  that 
the  bill  .ittrarted  light  bodies  as  vigorously  as  the  glass 
itself.     Me  altered  the  length  of  ihc  rod,  and  also  used  a 
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jnckthread  hanging  down  from  the  upper  storey  of  his 
house,  but  always  olUained  the  same  results.  But  he  failed 
to  carry  the  electricity  horizontally  along  his  packthread, 
until,  at  the  sug^^eslion  of  his  friend  Wheeler,  he  sus]iendcd 
the  packthread  liy  silk  strings,  when  he  was  able  to  convey 
the  electricity  a  distance  of  886  feet,  and  to  obtain  all  the 
usual  effects  at  that  distance  from  the  excited  electric.  Me 
also  found  that  the  human  body  and  fluids  were  conductors. 
Previously  to  his  discovery  of  conductivity  Ciray  had  ex- 
tended the  list  of  bodies  which  could  be  electrically  excited 
by  friction. 

Du  Fay. — Contempornneously  with  dray,  C.  F.  C 
Du  Fay,  of  the  Academy  of  Sciences,  was  working  in  France 
at  the  same  subject.  During  the  years  '733-'739  he  dis- 
covered the  insulating  properties  of  glass,  and  repeated  and 
confirmed  Gray's  experiments ;  by  using  wetted  packthread, 
which  he  found  to  conduct  more  easily,  he  transmitted 
electricity  along  a  string  1,256  feet  long.  But  Du  Fay's 
greatest  discovery  was  that  there  were  two  kinds  of  elec- 
tricity, whic-h  he  named  respectively  vitreous  and  resinous 
electricity,  because  he  found  the  former  was  produced  by 
rubbing  vitreous  bodies,  such  as  glass,  and  the  latter  by 
rubbing  resinous  bodies,  such  as  amber,  copal,  gum,  iac,  etc. 
Wool,  animal  hair,  rock-crystal,  and  precious  stones,  gave 
ntrcous  electricity,  whereas  silk,  paper,  thread,  and  many 
other  bodies  gave  resinous  electricity.  'I'bc  fundamental 
distinction  was  that  bodies  electrified  with  vitreous  elec- 
tricity repelled  one  another,  but  attracted  bodies  electrified 
with  resinous  electricity,  the  latter  being  also  repellent  to 
one  another.  Thus  two  electrified  silk  threads  repel  one 
another,  but  each  will  attract  an  electrified  woollen  thread, 
whereas  two  electrified  woollen  threads  will  repel  one 
another.  By  means  of  an  electrified  silk  thread  it  was 
ihcicfore  possible  to  distinguish  whether  an  excited  body 
was  charged   with   vitreous  or  resinous  electricity.     If  it 
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attracted  the  silk  thread,  it  would  be  charged  with  vitreous 
electricity ;  if  it  repelled  it  it  would  be  charged  with 
resinous  electricity. 

About  this  time  {1740-1762)  much  attention  was  paid 
to  the  improvement  of  machines  for  i)roducing  electrifiCA- 
tion  by  friction,  and  various  successful  modifications  were 
suggested  hy  different  Continental  [)hilosophers.  Bose,  of 
Wittenberg,  added  the  prime  conductor ;  Gordon,  of 
Erfurt,  a  Scotch  monk,  substituted  a  glass  cylinder  for 
Newton's  glass  ball ;  Winkler,  of  Leipzig,  replaced  the  hand 
as  a  rubber  by  a  much  more  convenient  cushion  ;  Benjamin 
Wilson  (1746)  ad<led  the  point  collector;  and  Canton 
(1762)  improved  the  rubber  by  smearing  it  with  an  amalgam 
of  tin.  Planta  is  supposed  to  l)e  the  first  who  substituted  a 
plate  of  gl.i.ss  for  Gordon's  cylinder. 

MoirisOQ. — The  first  ret:orded  practical  npi)lication  of 
the  foregoing  discoveries  was  made  in  1745  by  Charles 
Morrison,  of  Greenock,  who  devised  and  constructed  an 
electric  telegraph,  which  we  shall  describe  later  on 
{sec  page  56.^). 

The  Leyden  Jar. — In  the  year  1745  a  means  of 
accumulating  and  storing  up  large  quantities  of  electricity 
was  independently  discovered  by  Dean  Kleist  and  by 
Cuneus  and  Pietcr  van  Muschenhroeck  of  I.eyden.  Kleist 
made  the  discovery  by  accident.  He  happened  to  bring 
a  medicine  bottle,  in  the  neck  of  which  there  was  an  iron 
nail,  clfise  to  his  electtical  machine  so  that  the  n.iil  touched 
the  prime  conductor.  On  withdrawing  the  bottle  held  in 
one  hand  from  the  machine,  and  touching  the  iron  nail 
with  the  other,  he  received  a  violent  shock, 

Muschenbroeck  was  led  to  his  discovery  whilst  endeavour- 
ing to  find  some  means  of  preventing  electric  charges  being 
dissijiatrd.  He  thought  that  if  he  surrounded  his  chargt: 
by  a  good  non-conductor,  such  as  glass,  he  wouhl  attain  his 
object.     He  therefore  placed  some  water  in  a  glass  bottle 
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and  connecteiJ  it  by  a  wire  to  the  prime  conductor  of  his 
electrical  machine.  On  turning  ll»e  machine  the  water  was 
duly  electrified.  Ciineus,  who  was  holding  the  bottle,  then 
altempled  to  disengage  ilie  conducting  wire  from  the 
machine,  when  he  received  a  violent  shock  which  caused 
him  to  drop  the  bottle.  The  experiments  were  mentioned 
to  Roliet,  who  introduced  the  term  "  I.eyden  Jar,"  and  the 
new  apparatus  was  rapidly  (jerfectcd,  receiving  its  present 
form  of  a  jar  coated  inside  and  outside  with  tinfoil  at  the 
hand.s  of  Sir  William  Watson. 

Franklin.  -One  of  the  greatest  names  in  the  develop- 
ment of  eleitrical  science  is  that  of  Dr.  Henjamin  Franklin 
of  Philadelphia  (A  1706,  ^/.  1790).  His  first  labours  were 
directed  to  the  elucidation  of  the  theory  of  positive  and 
negative  elc«  tricily  first  propounded  by  Sir  William  Watson, 
who  gave  the  name  of  positive  to  the  so-called  vilrcoiis 
electricity,  and  nef^alive  to  the  so-called  rfsiiions  electricity 
of  his  predecessors.  Franklin  asserted  that  electricity  is  not 
created  by  friction,  but  is  only  transferred  from  one  body  to 
another.  Thus,  a  body  which  becomes /w/V/Vr/v  electrified 
receives  its  charge  of  electricity  from  one  or  more  other 
bodies  which  will  be  foimd  to  be  nfgiUively  electrified.  In 
other  words,  positive  elecirification  is  due  to  an  f.xcess  of 
elcctricily,  and  negative  electrification  to  a  deficiency.  To 
prove  this,  Franklin  showed  clearly  that  in  a  charged 
l/ryden  jar  the  outside  and  inside  coatings  are  oppositely 
electrified,  and  that  exactly  as  much  electririty  is  added  on 
one  side  as  is  subtracted  on  the  other.  His  experiments  led 
the  way  to  that  mathetnatical  development  of  the  subject  in 
which  positive  electricity  is  treated  as  an  incompressible 
lliiid.  He  also  observed  the  power  of  points  to  disciiarge 
electricity. 

For  many  years  the  analogies  between  lightning  and 
the  electric  spark  had  been  subjects  of  di.scussion  amongst 
scientific  men  ;  and  previous  to  1750  F'ranklin  had  set  forth 
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these  analogies  in  a  paper  in  which  he  enunieraied  ihc 
electrical  effects  which  were  manifested  by  lightning.  He 
waited  soiiip  time  for  the  erection  of  a  tnll  spire  in  Philndel- 
phia  so  that  lie  might  experiment  on  the  subje<  t,  but  whilst 
waiting  the  happy  idea  occurred  to  him  that  a  kite  sent  up 
into  the  clouds  and  connected  to  the  earth  by  a  conducting 
string  would  serve  his  purpose  as  well  or  even  better.  So 
that  it  should  not  be  deslroye<l  by  the  rain,  he  conslrut-ted 
his  kite  of  silk  instead  of  ))apcr,  and  fixed  a  shar|>-pointed 
wire  to  the  toj)  to  collect  the  electricity  from  the  cloud.  On 
the  a])proach  of  a  thunderstorm  in  June,  1752,  he  (lew  his 
kite  in  the  ordinary  way,  and  with  ordinary  twine  for  the 
string ;  at  the  end  of  the  twine  he  tied  a  lengtii  of  silk 
ribbon  so  as  to  insul.ite  his  hand  from  the  conducting  twine, 
and  this  ribbon  was  kejjt  dry  by  being  drawn  under  the 
cover  of  an  open  doorway.  An  iron  key  was  also  hung  at 
the  end  of  the  twine.  On  the  storm  passing  over,  and  when 
the  twine  had  become  well  wetted,  abund.int  sparks  were 
drawn  from  tiie  key,  and  all  the  electrical  effects  then  known 
were  observed,  thus  proving  the  identity  of  the  lightning 
with  the  electricity  of  the  laboratory.  These  experiments 
were  repeated  and  confirmed  by  numerous  observers  in 
Europe.  The  practical  outcome  of  Franklin's  work  w.ts  the 
elaboration  of  the  lightning  conductor  to  protect  buildings 
from  the  destructive  effects  of  thunderstorms. 

Now  that  electricity  at  a  high  potential  w.is  brought 
wuhin  the  reach  of  the  experimenter,  it  was  not  long  before 
an  enthusiastic  investigator  fell  a  victim  in  the  muse  of 
science.  I'rofessor  Richman,  of  St.  Petersburg,  on  the  6th 
August,  1753,  whilst  observing  the  indications  f)fnn  clectro- 
meteT  connecteil  to  a  lightning-rod,  was  struck  by  a  suiUlen 
di.tchargc  of  electricity  and  immediately  killed  Mis 
assiblant,  Sokoloff,  was  rcridcrcd  insensible  at  the  same 
time.  This  .tccidcnt  caused  scientific  men  to  be  more 
careful  in  their  experiments,  but  did  not  check  their  zeal. 
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Bymmer.  In  1759  Robert  Symmer  reviveil  L)u  Fay's 
theory  in  an  improved  form.  He  supposed,  in  op[)Ositi()n  lo 
Franklin,  that  there  were  two  kinds  of  electricity,  not 
however  indepumlcnt  oJ'  one  another,  but  co-existent. 
UTien  a  body  was  positively  electrified,  it  had  an  excess  of 
positive  electricity,  and  when  negatively  electrified  an  excess 
of  negative  electricity.  Me  supported  his  theory  by  an  ex- 
periment which  was  long  regarded  as  conclusive — namely, 
that  on  jiassing  an  electric  sjiark  through  a  sheet  of  paper 
the  edges  of  the  hole  arc  turned  up  on  both  sides  of  the 
jrJper.  I. ich  ten  berg's  eleclriial  dust  figures,  which  were 
diM:ovcred  in  1777,  were  also  regarded  as  supporting 
Syramer's  theory,  Symmer  likewise  discovered  the  electricity 
developed  on  silk  stockings,  and  he  describes  various 
amusing  phenomena  which  occur  when  two  silk  stockings 
of  diflfcrcnt  colours  which  have  been  worn  on  the  same  leg 
are  taken  off  and  separated. 

The  pyro-electricity  of  crystals,  and  the  electricity  of 
fishes,  particularly  of  the  torpedo,  were  much  experimented 
upon  about  this  time,  by  numerous  careful  and  industrious 
workers. 

Cavendish. — The  brilliant  researches  of  Henry  Caven- 
dish should  always  occujjy  a  prominent  [ilace  in  the  science 
of  electricity.  Unfortunately  he  was  so  indiflcrent  to  fame 
that  many  of  his  experiments  and  results  were  never 
published,  and  were  practically  unknown  until  tliey  were 
laboriously  and  independently  discovered  decades  later  by 
his  successors.  The  first  i|uantitative  ex|)eriments  on 
dcctricil  resistance  were  made  by  Cavendish,  who  showed 
that  a  «olumn  of  water  of  given  dimensions  olTers  as  nmch 
resistance  lo  the  passage  of  electricity  as  an  iron  w  ire  of  the 
some  cross-section  but  400,000,000  times  as  long.  In 
other  words  the  resistance  of  tlie  water  he  used  was 
400,000,000  times  the  resistance  of  iron.  He  also  com- 
|>arcd  salt  water  with  fresh,  and  showed  that  the  former  was 
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720  times  a  belter  conductor  than  the  latter.  Cavendish 
likewise  made  the  first  measurements  of  the  electrical 
capacity  of  condensers,  and  discovered  the  law  that  with 
plates  of  glass  coated  with  tinfoil  the  capacity  varies 
inversely  as  the  thickness  of  the  glass  and  directly  as  the 
surface  coated.  He  also  used  the  electric  spark  in  his 
brilliant  synthesis  of  water.  The  decomposition  of  water  by 
the  electric  spark  was  first  effected  by  Van  Troostwijk  and 
Dei  man. 

The  contributions  of  Cavendish  to  electrical  theor)', 
which  he  published  in  1771,  are  very  important.  Amongst 
oilier  things,  by  a  very  ingenious  null  method  he  proved, 
to  a  high  degree  of  accuracy,  the  celebrated  law  uf  inverse 
squares. 

Coulomb. — By  his  im]jrovements  of  MilchelTs  torsion 
balance  {st-e  page  102),  Coulomb  {h.  1736,  d.  1806)  provided 
eleclric  and  magnetic  investigalorb  with  an  instrument  of 
precision  which  did  much  to  facilitate  the  tiuantitative  study 
of  the  phenomena.  Coulomb  himself  industriously  a[iplied 
it  to  investigate  numerous  problems.  He  obtained  measure- 
ments of  the  density  of  the  charge  at  diflferent  points  of  the 
surfaces  of  various  charged  conductors  placed  cither  in  con- 
tact or  a[flrt  from  one  another.  He  also  experimented  on 
the  dissi|alion  of  the  charge  of  insulated  bodies,  and  found 
that  it  was  in  great  measure  due  to  the  moisture  deposited 
on  the  surface  of  the  insulators,  though  these  l.ittcr  showed 
signs  of  true  conduction.  'I'he  application  of  maihemalical 
analysis   to   the   problems   investigated   experimentally   Ity 

Coulomb   w:is  mnili-   sonic   Vi:irs  Litir  liv  I  .i(il.Tri-,   Iliot    and 

I'oisson. 

Oalvaui.  in  1790  i<alv.iiii  iiwide  ilie  serj  miiurlant 
discovery  that  when  one  end  of  a  metallic  conductor,  such 
as  a  wire,  is  attached  to  the  crumi  muscles  and  the  other  end 
to  the  lumbar  nerves  of  a  freshly  killed  frog,  violent  miwatlar 
lontraction  is  produced.     He  considered  this  to  be  due  Ut 
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a  kind  of  Leydeii  jar  discharge  from  the  muscles,  and  thai 
the  nerves  acted  as  conductors.  This  opinion  was  supported 
by  the  observation  that  the  discharge  of  a  very  small  Lcyden 
jar  through  the  limb  also  produced  the  contractions. 

Volta.— Oalvani's  experiments  were  greatly  extended  by 
Volta,  who,  in  1793,  showed  that  the  contractions  could  be 
imxluced  "  by  metallic  touchings  of  two  parts  of  a  nerve 
only,  or  of  two  muscles,  or  even  of  different  parts  of  one 
muscle  alone,"  but  that  in  these  cases  it  was  absolitUty 
necessary  that  the  conducting  metallic  arc  should  consist  of 
two  different  metals.  This  discovery  led  him  to  his 
ccleliraled  theory  of  Contact  Force,  and  eventually  in  1800 
he  (jfuduced  the  Voltaic  pile.  Thus  was  inaugurated  the 
sK-icnce  of  Galvanism,  or  Voltaic  Electricity,  which  was  sui>- 
l^Kjscd  to  deal  with  a  new  and  different  kind  of  electricity, 
but,  as  wc  shall  see  later  on,  this  electricity  is  identical  with 
the  old  frictional  electricity.  The  great  im])ortance  of  the 
new  discoveries,  liowever,  lay  in  the  fact  that  they  first 
pointed  out  a  method  of  producing  a  continuous  flow  of 
electricity  in  a  conductor,  and  thus  led  the  way  to  that 
enormous  development  of  the  science  due  to  the  discovery 
of  the  various  and  unique  properties  of  a  conductor  in 
which  a  current  is  flowing. 

Davy.  —The  chemical  action  of  the  current  in  de- 
comjKjsing  water  was  soon  discovered  by  Nicolson  and 
Carlisle  in  1 800,  but  no  adequate  explanation  was  afforded 
until  Sir  Humphry  Davy  supplied  it  in  1807,  and  utilised 
the  new  method  of  analysis  in  his  brilliant  researches  on  the 
cotnpobition  of  the  alkaline  earths  and  alkalies.  In  j8io 
Uavy  also  (iroduced  the  arc  light  for  the  first  time  at  the 
Koyal  Institution  ;  he  used  carbon  points  as  his  electrodes, 
and  a  ballery  of  2,000  cells. 

Oersted.  — For  many  years  scientists  had  been  busily 
trying  to  tind  a  connecting  link  between  the  phenomena  of 
electricity  and   those  of  magnetism.      The  merit  of  the 
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discovery  belongs  to  Oersted  of  Coiienhagen,  who,  in  tSjo, 
observed  that  a  current  of  electricity  flowing  along  a  con- 
ductor deflected  a  magnetic  needle  placed  in  its  neighbour- 
hood. The  discovery  of  Oersted  was  eagerly  followed  U|> 
in  France  by  Ampere,  who  in  an  astonishingly  short  spate 
of  lime  extended  it  by  numerous  ex|3erimcnis,  and  built  U]> 
a  wonderfully  [lerfeci  mathematical  theory  of  the  magnetic 
action  of  linear  conductors  carrying  currents. 

Seebeck. — A  new,  and,  from  a  theoretical  point  of  view, 
a  most  interesting  de|)artmcnt  of  electricity  was  opened  up 
by  the  discovery  in  1822  of  a  method  of  directly  converting 
heal  energy  into  electrical  energy.  Seebeck  founded  the 
science  of  thermo-electricity  by  showing  that,  in  a  comiilctc 
metallic  circuit  made  up  of  different  metals,  if  the  various 
junctions  are  artificially  maintained  at  different  temperatures 
a  current  of  electricity  will,  in  general,  be  found  to  flow 
round  the  circuit. 

Here  we  close  this  brief  historical  sketch.  The 
epoch-making  discoveries  of  Faraday,  which  were  pub- 
lished a  few  years  later,  together  with  the  in)(x>rtanl  re- 
searches to  which  they  gave  rise,  belong  to  the  domain  of 
modern  science,  and  it  will  be  most  convenient  to  discuss 
them  in  connection  with  the  divisions  of  the  subject  to 
which  they  refer. 
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CHAiTER    II 

METHODS  AVAILABLE    FOR  THE    PRODUCTION   OF 
THE    ELECTRIC   CURRENT. 

In  the  preceding  chapter  we  have  referred  lo  the  discoveries 
of  Galvani,  Volta,  and  Sccbcck,  which  provide  us  with 
methods  of  maintaining  a  continuous  flow  of  electricity  in  a 
conducting  circuit  as  distinguished  from  the  momentary 
flow  which  occurs  in  a  wire  when  its  ends  are  brought  into 
contact  with  two  oppositely  ciiarged  bodies  such  as  the 
inner  and  outer  coatings  of  a  charged  I.eyden  jar.  If,  by 
.iny  external  means,  the  opjiositely  charged  bodies  could 
have  their  charges  renewed  as  rapidly  as  they  are  discharged 
by  the  connecting  wire,  then  a  continuous  current  would 
flow  along  the  wire,  which  would  exhibit  the  same  properties 
as  a  wire  in  which  a  current  is  maintained  by  a  Volta's 
pile  or  by  Seebeck's  thermal  arrangement.  We  shall 
subsctiuently  prove  that  electricity,  and  also  the  electric 
current,  however  produced,  are  always  the  same,  but  we 
wish  now  to  dwell  more  particularly  on  the  properties 
possessed  or  ctTects  exhibited  by  a  conductor  of  electricity 
in  which  a  ste.idy  current  is  flowing.  These  are  of  three 
kinds :  thermal,  magnetic,  and  chemical,  and  may  be 

briefly  described  as  follows  : — 

1 .  The  Thermal  effect.  — The  conductor  along  which  the 

ourcnt  flows  becomes  heated  during  the  ])assagc 
of  the  current  The  rise  of  temperature  of  the  con- 
ductor may  be  small  or  great  according  to  circum- 
stances ;  but  some  heat  is  always  produced. 

2.  The    Magnetic    effect. — The    space  both   outside 
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and  inside  the  substance  of  the  conductor,  but 
more  especially  the  former,  becomes  a  "  magnetic 
field " '  in  which  delicately  pivoted  or  suspended 
magnetic  needles  will  take  up  definite  i)ositions,  and 
in  which  certain  niaterials  known  as  magnetic  become 
nijignetised.  Other  secondary  actions  may  also  take 
place  in  this  •'  field." 
3,  The  Chemical  effect. — If  the  conductor  be  a  liquid 
which  is  a  <  hemical  compound  of  a  certain  class 
called  (UctrolytiSy  the  liquid  will  be  decomposed  at 
the  places  where  the  current  enters  and  leaves  it.- 

Thesc  are  the  primary  phenomena  which  are  manifested 
when  a  steady  continuous  current  Hows  ;  there  are  other 
phenomena  attending  the  starling  and  stopping,  and  the 
rise  and  fall,  of  the  current,  which  will  be  described 
subsc(iucntly. 

Now,  conversely,  if  a  solid  conductor  exhibits  the  first 
two  properties,  or  if  a  liquid  conductor  exhibits  all  three,  \vc 
say  that  there  is  a  current  of  electricity  flowing  in  thai  con- 
ductor. It  is  imix>rtant  to  notice  that  this  last  sentence 
enunciates  one  of  the  most  convenient  and  easily  umlcrstood 
ways  of  </<yf«;//jf  what  we  mean  by  an  cUilrie  currcnl.  If  \\\fi 
conductor  exhibits  these  properties,  there  is  an  electric 
current  in  it ;  if  it  docs  not,  then  there  is  not  The 
phenomena,  however,  may  be  somewhat  masked  when  the 
current  is  an  alternating  one,  that  is,  when  it  consists  of 
many  currents  alternately  in  opposite  directions.  For  the 
present  we  post))onc  the  consideration  of  this  case.  A  less 
satisfactory  way  of  defining  a  current  would  be  to  say  that 
whenever  two  insulated  conductors,  equally  but  oppositely 
charge<l,  arc  connected  by  a  third  conductor,  a  current  of 

'  Wc  5I1.1II,  laltr  on,  cx|>laiii  fully  what  is  implied  in  this  phrase. 

'  .\ll  chcniti'»lly  rompouixl  IU|u!il>  are  nut  ilL-cunip>>!iril  liy  ihr 
current.  Some,  such  a»  pnraflin  oil,  turpentine,  &c.,  do  not  aIIciw  the 
current  to  pa«  at  all,  and  nrc  practically  iiunUtois. 
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Tcctriciiy  i>asscs  alrmg  (lie  latlcr,  nnd  tlie  two  former  nrc 
fount!  to  l)ecomplelely  (Jischargetl,  If  the  connecting  lx;ily 
is  not  a  coniluctor,  then  the  two  charged  conductors  retain 
their  charges  unaltered.  The  test  by  which  the  passage  of 
the  current  is  inferred  is  the  unelectritiud  state  of  the 
originally  charged  conductors.  The  so-called  passage  of 
the  current  along  the  connecting  conductor  is  almost 
instaiilancous,  and  it  is  only  by  very  delicate  experiments 
thai  tiie  thiee  effects  detailed  above  could  be  detected. 
But  when,  as  alreaily  explained,  the  charges  of  the  two 
insulated  conductors  are  continually  renewed  as  rapidly  as 
a  third  conductor  discharges  them,  the  current  becomes 
a  continuous  one,  and  it  is  far  more  convenient  to  fix  the 
attention  on  the  effects  which  this  so-called  current  produces 
in  and  around  the  body  which  is  said  to  convey  it  than  to 
trouble  oneself  with  phenomena  belonging  to  a  different 
branch  of  the  science.  In  fact,  if  the  discoveries  of  (lalvani 
and  Volta  had  preceded  those  of  Thales,  Gilbert,  and  the 
other  philosophers  to  whom  we  have  referred  in  the  previous 
chapter,  it  is  more  than  probable  that  the  whole  nomen- 
clature of  electrical  science  would  have  been  entirely 
different.  It  is  to  the  two-fluid  and  one-fluid  theories  of  the 
eighteenth  century  that  we  owe  such  terms  as  "currtnt," 

'  "conductor  of  electricity,"  &c. 

The  reader  will  now  understand  that  we  provisionally  use 
the  term  "  electric  current '"  as  a  convenient  one,  to  denote 
a  certain  set  of  phenomena  which  occur  simultaneously 
under  certain  conditions.  The  term  arose  out  of  those  ideas 
on  the  nature  of  electrification  which  regarded  an  electrified 
body  as   containing  a   quantity  of   a   special  /fuid  called 

I  electricity.  Now,  although  electricity  in  many  cases  un- 
doubtedly behaves  like  an  incompressible  fluid,  it  is  by  no 
means  certain  th.it  it  is  one  ;  or,  if  it  is,  it  is  in  a  sense  very 
different  from  that  which  was  usually  meant  when  the  term 
wait  first  applied  to  it.  The  answer  to  the  question  "  What 
c  2 
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is  electricity  ?"  cannot  lie  given  in  the  present  stated  the 
science.  Early  experimenters,  however,  regarded  it  as  a 
fluid,  and  when  tliey  observed  that  a  body  charged  with  this 
fluid  lost  all  irate  of  it  when  joined  to  the  earth  by  a  metallic 
wire,  it  was  very  natural  for  them  to  infer  that  a  current  of 
the  fluid  had  flowed  along  the  wire,  and  to  refer  to  what 
took  pl.icc  as  a  flow  of  electricity  or  an  "electric  cuirenL" 
The  phrase  is  a  convenient  one,  and  is  still  used.  The 
re.idcr  must,  however,  understand  clearly  that,  for  the 
present,  we  thereby  neither  assert  nor  deny  the  existence  of 
an  actual  turrunt  in  the  conductor,  but  merely  use  the 
phrase  as  indicating  that  certain  eflects  are  produced  in  the 
conduitor,  and  in  the  space  round  it,  whilst  the  current  is  said 
to  flow.  Hut  whatever  electricity  is,  there  is  a  true  flow  of 
elcctric:ily  in  the  conductor.  The  ])rogTess  of  electrical  dis- 
covery will  probably  modify  the  views  at  present  tentatively 
held  by  scientific  men  as  to  the  nature  of  electricity,  and  as 
to  tlic  ultimate  explanation  of  the  efiects  which  occur  in  the 
conductor,  and  in  the  surrounding  space,  whilst  the  electric 
current  flows  in  the  conductor.  ]3ut  these  efliects  will  always 
be  manifested  whenever  what  is  now  called  the  electric 
current  is  maintained  in  the  conductor. 

Several  methods  of  maintaining  the  current  are  known. 
The  electric  current  itself  can  be  accurately  measured  in 
several  diflfcrent  ways  which  give  concordant  results.  What 
is  more  important  is,  that  llie  amount  of  niechanicil  or  other 
energy  that  must  be  expended  to  maintain  a  particular 
electric  current  under  given  circumstances  for  a  given  time, 
c^n  be  both  accurately  calculated  and  accurately  measured 
In  fact,  electricity  in  nrotion,  or  the  electric  current,  is  a  form 
of  energy  (or,  more  strictly  speaking,  of  p<nver,  that  is  of 
energy  in  the  act  of  being  transferred  from  one  form  lo. 
another),  and  the  general  law  of  the  conservation  of  energy 
applies  to  it  it  is  in  this  fni  t  that  wc  touch  firm  ami  well- 
known  scientific  ground,  and  it  is  or  this  account  that,  for 
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\  practical  work  of  life,  we  can  use  the  electric  current  and 
make  all  kinds  of  necessary  calculations  with  regard  to  it, 
and  the  work  that  can  be  done  with  it,  without  committing 
ourselves  to  any  particular  theory  regarding  it. 

Corresponding  to  each  of  the  effects  of  the  electric 
current  enumerated  al)Ove,  tliere  is  a  method  of  producing 
the  electric  current  itself;  or,  to  speak  more  accurately,  we 
should  say  that  there  is  a  method  of  producing  electric 
pressure  or  eleclroniolive  force  which,  if  proper  conducting 
circuits  be  provided,  will  give  lise  to  electric  currents.  We 
must  here  anticipate  the  more  con\plete  development  of 
the  laws  of  the  current  which  will  (orni  the  subject  of  the 
next  section,  by  explaining  brielly  that  whenever  a  dift'erence 
of  electric  pressure  is,  by  any  means,  maintained  at  the  two 
ends  of  a  conductor,  then  an  electric  current  will  be  set  up 
in  that  conductor,  and  will  continue  to  flow  as  long  as  the 
difference  of  j)ressure  is  maintained.  Should  the  ciurcnt 
not  flow  under  these  circumstances,  then  it  will  be  found 
that  the  conductor  employed  contains  within  itself  a  source 
of  back  electric  pressure,  which  is  sufticient  to  neutralise  the 
difference  of  pressure  maintained  at  its  two  ends.  Another 
law  which  we  shall  often  tacitly  assume  is  that  steady  electric 
currents  can  only  flow  in  closed  conducting  circuits,  that  is, 
in  circuits  in  which  there  is  a  continuous  conducting  path 
closed  on  itself  like  a  ring  or  endless  rope.  The  circuit 
need  not  be  of  the  same  condui-ling  materials  throughout, 
but  should  there  be  any  non-conducting  ga[i  in  it,  the 
current  will  not  flow.  An  apparent  exception  to  this  la.st 
.Hlniement  occurs  in  the  case  of  the  electric  arc,  but  we  shall 
in  the  |iro[icr  place  give  reasons  fur  believing  that  the  gap, 
whilst  the  arc  lasts,  is  truly  conductive. 

Returning  now  to  the  methods  available  for  ]>roducing 
atj  electric  current,  we  have  seen  that  whenever  an  electric 
current  passes  along  a  conductor,  heat  is  produced  in  that 
conductor.     On  the  other  hand,  if  two  pieces  of  different 
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metals  (say  copper  and  iron)  be  taken,  and  one  end  of  one 
joined  to  one  end  of  the  other,  and  the  junction  heated,  the 
two  free  ends  will  be  found  to  have  didferent  electric 
pressures,  or,  as  it  is  usually  expressed,  these  ends  are  at 
different  electric  p<Uentials.  If  now  the  free  ends  of  the 
metals  be  joined  by  a  nietallit:  wire,  it  will  be  found  that  an 
elcctiic  current  will  tlow  round  the  circuit  formed  by  this 
wire,  and  the  two  original  pieces  of  metal  (in  the  rase 
supposed,  from  iron  to  cojiper  along  the  joining  wire),  as 
long  as  tlie  original  junction  is  kept  hotter  than  the  other 
junctions  in  the  circuit.  It  should  be  noticed,  however, 
that  the  conditions  for  producing  the  electric  current  by 
means  of  heat  are  more  complicated  than  those  for  pro- 
ducing heat  by  means  of  the  current,  In  other  words,  one 
phenomenon  is  not  the  simple  converse  of  the  other. 

Again,  when  an  electric  current  flows  in  a  wire  or  other 
conductor,  the  space  outside  the  conductor  becomes  a 
magnetic  field.  On  the  other  hand,  if  a  conductor  be 
moved  in  certain  ways,  which  we  shall  consider  in  detail 
presently,  in  a  magnetic  field,  its  two  ends  will  be  found  to 
be  at  diflferent  potentials  as  long  as  the  movement  con- 
tinues. If  then  these  ends  are  suitably  joined  by  a  second 
conductor,  an  electric  current  will  flow  in  the  circuit  formed 
by  this  new  conductor  and  the  moving  conductor. 

l''inally,  when  an  electric  current  Hows  through  a 
chemically  compound  liquid  conductor,  the  liquid  is 
chemically  decomposed  at  the  |>oints  where  the  solid 
conductors,  bringing  the  current  to  and  leading  it  away 
from  the  liquid,  make  contact  with  the  liquid.  On  the 
other  hand,  if  two  dissiniilar  metals  be  dijiped  into  a 
chemically  compound  liquid  conductor,  or  if  two  pieces  of 
the  !>amc  metal  be  dipped  into  two  dificrcnt  compound 
liquids  which  are  in  conducting  communication,  in  both 
cAfcs  the  free  parts  of  the  two  metnU  will  Ik;  found  to  be  at 
dilTerenI  electric  jvolenlial.t.     And  if  ihete  mctal.s  be  joined 
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by  a  mclallic  conductor,  an  electric  current  will  flow 
I  through  this  metallic  conductor  and  also  through  the  li(iuids 

Bnd  other  metals. 

In  describing  in  detail  the  various  methods  eni|)loyed 
Pior  generating  the  electric  current  on  the  above  lines,  we 

shall  fre(iucntly  have  to  refer  to  the  laws  which  govern  the 
[transmutations  of  energy  involved  in  the  different  processes. 
Lit  will  therefore  conduce  to  greater  clearness  hereafter  if  we 
[now  devote  a  brief  space  to  the  consideration  of  these  very 
liinportant  laws,  which  though  far-reaching  in  tlieir  con- 
Isequences,  are  not  difficult  to  follow  to  the  extent  necessary 
llo  grasp  their  application  to  electric  phenomena. 

Energy. 

The  great  fundamental  princij)le  with  which  we  have  to 

1«al  is  that  of  the  "Conservation  of  Energy."    This  prin 

ciple,  although  it  was  not  generally  accepted  until  nearly  the 

liniddle  of  the  nineteenth  centur)',  is  now  one  of  the  most 

ifirmly  established  i)rinciples  of  physical  science.     It  asserts 

Ihat   energy  itself  is  indestructible,  although   it   may  take 

'various  forms  and  be  transferred  from  one  agent  to  another. 

Thus,  whenever  energy  appears  at  any  place,  we  know  that  an 

exactly  equal  amount  of  energy,  but  not  necessiirily  of  the 

Isanic  form,  has  disappeared  somewhere  else.     This  must  be 

[regarded  not  as  a  mere  theory,  but  as  an  experimental  fact 

[established   by   thousands   of    experiments,    and    not    yet 

[controveited  by  a  single  adverse  one. 

In  works  on  dynamics  it  is  explained  that  an  agent  that 
Is  capable  of  doing  work  possesses  a  store  of  energy,  and 
that  it  IS  only  because,  and  so  far  as,  it  possefises  this  store 
uf  energy  that  it  is  capable  of  doing  work.  The  familiar 
Illustrations  usually  adduced  arc  that  a  raised  dock-weight 
assesses  a  store  of  energy  in  virtue  of  its  raised  position, 
snd  in  running  down  it  will  do  a  certain  .muiunt  of  work  in 
ring   the   clock.      .Again,  a  moving   hammerhead,  just 
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before  it  strikes  a  nail,  possesses  a  store  of  energy  in  virtue 
of  its  motion  ;  on  striking  the  nail  it  is  brought  to  rest  and 
loses  this  energy,  but  does  work  in  driving  the  nail.  It 
should  be  observed  that  in  both  these  cases  the  original 
stores  of  energy  are  ultimately  converted  into  the  heat  form  ; 
in  the  case  of  the  clock  this  heat  appears  at  the  pivots  and 
rubbing  surfaces  of  the  teeth,  &C.,  and  in  the  case  of  the 
hammer  it  is  distributed  chiefly  through  the  nail,  the  wood, 
and  partly  on  the  head  of  the  hammer,  though  a  very  small 
portion  of  it  becomes  sound  energy,  and  eventually  assumes 
the  form  of  heat  energy  in  the  various  surrounding  objects, 
some  of  which  may  be  at  a  great  distance.  Hut  none  of  the 
energy  either  of  the  raised  clock-weight  or  the  moving 
hammerhead  is  destroyed,  although  in  these  instances  it 
lakes  a  for^ii  in  which  it  can  no  longer  be  made  serviceable 
to  man.  This  tendency  of  energy  to  assume  forms  un- 
serviceable to  man  is  known  as  the  "  dissifiation  "  of  energy, 
a  principle  correlative  to,  and  intimately  associated  with, 
the  doctrine  of  the  conservation  of  energy.  It  would, 
however,  lead  us  too  far  from  our  present  subject  if  we 
attempted  to  discuss  the  doctrine  of  the  dissipation  of 
energy  in  all  its  bearings,  and  we  must  therefore  leave  it. 

Returning  to  the  main  doctrine  of  the  conservation  of 
energy,  we  observe  that  whenever  work  is  done  energy  is 
transformed,  and  is  often  in  great  part  transferred  from  the 
body  which  origin.illy  possessed  it  to  other  bodies,  some  of 
which  may  be  at  a  great  distance  from  the  first  body.  Also 
the  total  work  that  can  be  got  from  any  body  or  system  of 
bodies  is  the  proper  measure  of  the  "available  energy" 
which  it  possesses,  although  in  most  ca.scs  it  is  less  than 
the  total  quantity  of  inctuy  which  the  body  or  system 
may  contain. 

Now  we    havL-   uNMrlcii  abuse  that  clcittu.il)   in  inoiidn, 

or  the  electric  current,  is  a  form  of  energy.  Two  lines  of 
reasoning  and  cx|>erinicnt  justify  this  assertion.     In  the  fintt 
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place,  as  we  shall  see  more  fully  as  we  proceed,  we  can  only 
procure  a  continuous  electric  current  by  the  continuous 
expenditure  of  energy.  Secondly,  from  electricity  in  motion 
various  forms  of  energy  can  be  procured.  Thus  in  the 
ihernul  effect  we  obtain,  as  a  direct  result,  heat  energy  in 
the  conductor.  Again,  by  making  use  of  the  magnetic 
effect  we  can  either,  as  in  electric  motors,  obtain  mechanical 
energy,  or,  as  in  telephones,  obtain  energy  in  the  form  of 
sound-waves.  Then  again,  in  producing  the  chemical 
cflTect,  the  decomposed  constituents  of  the  compound  liquid 
jiossess  a  store  of  energy  of  chemical  separation.  These 
instances,  when  regarded  from  the  standjjoint  of  the 
doctrine  of  the  conservation  of  energy,  suffice  to  prove  that 
electritity  in  motion,  which  can  only  be  procured  by 
the  expenditure  of  energy,  and  in  its  turn  gives  rise  to 
various  forms  of  energy,  must  itself  be  one  of  the  forms 
of  energy. 

We  shall  now  describe  in  detail  the  various  methods  used 
for  the  production  of  the  current,  but  shall  not  take  them 
in  the  order  in  which  we  summarised  them  on  page  1 7.  It 
will  be  more  convenient  to  commence  with  chemical  methods 
of  producing  the  current,  because  these  methods  were  the 
first  by  which  continuous  currents  were  produced,  and  they 
are  still  extensively  employed  for  many  purposes.  Next 
the  magnetic  methods  of  producing  the  current  will  be  con- 
sidered, for  these  are  the  most  important  in  the  widening 
dcvelo|)ment  of  the  applications  of  the  electric  current  to 
the  service  of  mankind.  Lastly,  we  shall  treat  briefly  of 
I  (lie  thermal  methods  of  producing  the  current — methods 
I  which  have  not  yet  risen  to  a  position  of  much  practical 
importance. 
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CHAPTER    in. 

CHEMICAL    PRODUCTION    OF    THE    CURRENT. 

ONt  of  ihe  largest  stores  of  energy  thai  arc  ai  the  disposal 
of  man,  and  upon  which  he  can  draw  when  he  wishes  to 
have  work  done  for  him,  is  the  energy  of  chemical  separii- 
tion.  The  energy  of  coal  or,  more  strictly  speaking,  of  coal 
and  air,  is  of  this  kind.  The  carbon  of  which  the  coal 
chiefly  consists  lias  what  chemists  call  an  affinity  for  the 
oxygen  of  the  air,  and  in  virtue  of  this  affinity  the  atoms  of 
carbon  and  oxygen  in  certain  circumstances  rush  together 
to  form  complex  molecules  of  carbon  dioxide  or  carbonic 
acid  gas.  This  process  is  what  is  popularly  known  as 
bunting  the  coal  or  carbon.  In  the  rush  of  the  atoms 
together  and  the  collisions  conse(iuent  thereupon,  a  definite 
amoimt  of  heat  energy  is  developed,  and  instead  of  the 
store  of  energy  due  to  the  separated  atoms  of  cnrbon  and 
oxygen,  we  have  now  the  more  active  energy  of  a  definite 
(pianiily  of  heat  which  we  can  u.se  to  drive  our  steam 
engines  and  to  ilo  our  work,  'i'he  carbon  tlioxidc,  after  it  has 
given  up  its  heat  by  radiation  or  otherwise,  has  no  longer 
the  same  store  of  energy  that  the  separate  atoms  of  carbon 
and  oxygen  possessed  before  they  combined ;  and  whatever 
be  the  nature  of  chemical  affinity,  the  predisposing  cause  of 
the  combination,  wc  know  by  experiment  that,  in  order  to 
sc]>arate  the  molecules  of  carbon  dioxide  again  into  the 
constituent  atoms  of  cnrbon  and  oxygen,  wc  must  provide 
from  other  sources  a  (juanlity  of  energy  exactly  e<iual  in 
amount  to  the  heat  energy  which  appeared  when  combina- 
tion CKCurrcd.  In  this  way,  and  in  this  way  only,  cin  wc 
.L;rt  h.irlc  our  .separate  atoms. 
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But  carbon  is  not  the  only  body  which  has  an  affinity 
[for  oxygen  and  can  be  burnt  or  oxidised  in  it.     Nearly  all 
[the  bodies  knonn  to  chemists  as  elements  have  a  greater  or 
|lcss  affinity  for  oxygen,  and  can  be  caused  to  combine  with 
it,  and  the  measure  of  the  aflinity  is  the  amount  of  heat 
.energy  produced  when  definite  quantities  of  the  body  com- 
jbine  with  the  equivalent  quantities  of  oxygen.     'l"he  bodies 
ircsulting  from  the  combination  are  technically  known  as 
[oxides,  and  the  process  as  oxidation ;  but  in  the  utilisation 
of  the  energy  of  chemical  separation  for  the  direct  produc- 
tion of  electrical  energy,  the  oxidation  is  usually  accomplished 
|at  a  low  temperature,  and  further  combinations  are  allowed 
to  take  ]ilace  by  which  bodies  more  com|ilex  than  oxides 
ire  produced,  and  a  greater  amount  of  energy  dealt  with. 
It  may  be  taken  .is  a  general  rule    that  when  a  series  of 
bodies  increasing  in  complexity  are  formed  in  a  series  of 
^iccessive  reactions,  which  take  pl.ice  without  the  supply  of 
external    energy,    the  amount   of  heat    or   other   energy 
produced  increases  with  the  complexity  of  the  product.     As 
»n  example  take  /.inc.     The  combination  of  one  pound  of 
line  (/,n)  with  the  equivalent  quantity  of  oxygen  to  form 
iinc   oxide  (ZnO),  the  zinc-white  of  painters,  sets  free  a 
measurable  amount  of  energy.     But  zinc  oxide  can  indirectly 
l)c  c.iuscd  to  combine  with  sulphur  trioxide  (SO;t)  and  form 
fcinc  sulphate  (ZnSOj),  and  in   this  second  combination  a 
iirthcr  amount  of  energy  is  set  free. 

SVhen  we  are  dealing  with  heat  energy,  it  has  been  found 

fiat  iJie  most  convenient  way  of  measuring  any  particular 

Quantity  of  heal  is  by  estimating  the  quantity  of  water  which 

\q  heat  in  question  would  raise  one  degree  in  temperature. 

That  is,  we  lake  as  our  unit  of  heat  the  quantity  of  heat 

bat  will  raise  one  gram  or  one  pound  (according  to  the 

Inil  of  mass  adopted)  of  water  at  its  point  of  maximum 

|cn«ty(4°C.)  one  degree  Centigrade  in  temperatute.     If  the 

gram  be  taken  as  the  unit  of  mass,  then  the  correspondmg 
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heat  unit  is  called  the  calorie ;  no  name  has  as  yet  been 
given  to  the  pound  heat-unit,  and  it  will  therefore  conduce 
to  conciseness  of  expression  if  we  make  use  of  the  calorie. 
The  transformation  to  any  other  heat-unit  is,  however,  only 
a  question  of  arithmetic,  and  can  be  made  by  using  the  projwr 
numerical  multiplier.  Now  in  the  process  of  oxidising  65-5 
grams  of  zinc  to  the  fonn  of  zinc  oxide,  ex|)eriments,  which 
will  be  found  described  in  any  good  book  on  physics,  show 
that  heat  to  the  amount  of  85,800  calories  is  generated;  and 
in  the  combination  of  this  zinc  oxide  with  sulphur  trioxide  to 
form  zinc  sulphate,  59,400  more  calorics  are  generated  These 
nunibers  measure  the  avaiiaijie  energy  of  chemical  separa- 
tion of  the  materials  before  the  combinations  take  place. 
Thus  if  all  the  energy  of  chemical  separation  is  allowed  to 
assume  the  form  of  heat,  there  would  be  about  4 1  |H:r  cent,  less 
heat  produced  by  turning  i  lb.  of  zinc  into  zinc  oxide  than 
by  turning  1  lb.  of  zinc  into  zinc  sulphate,  e^•en  if  we 
neglect  in  the  latter  case  the  heat  produced  by  the  forma- 
tion of  the  suljihur  trioxide.  The  re.idiest  way  of  making 
zinc  sulphate  from  zinc  is  to  dissolve  it  in  moderately 
dilute  sulphuric  acid  (H3SO,),  commonly  known  as  oil  of 
vitriol.  The  net  result  of  the  chemical  changes  that  take 
place  is  expressed  by  the  clitrnkal  tiiualion  ; — 

IIjSO,  +  /in=Zn.SO,-)-Hj 

which  is  simply  irhemisls' shorthand  for  saying  that  sulphuiic 
acid  (H.,SO,)  .idded  to  zinc  (Zn)  produces  zinc  sulphate 
(ZnSO^)  and  hydrogen  gas  (H;.  Probably  the  actual 
changes  arc  more  romi>lex,  but  wc  arc  now  only  concerned 
with  net  results.  But  ihc  molecules  of  zinc  sulphate  and 
hydrogen  have  less  energy  of  chemical  sejiiuraiion  as  a  sys- 
tem, if  they  have  any  such  energy  at  all,  than  the  system 
of  molecules  of  suljthuric  acid  and  zinc  from  which  they 
were  formed.  The  energy  of  chemical  sc|>aration  which 
has  disappeared  is  not,  h<)wc\-<r,  destroyed,  but  lakes  iouic 
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other  form.  If  llie  ex|>criiTient  he  performed  by  throwing 
scraps  of  tinr  inlo  ihc  diluled  acid,  ihe  eneijjy  of  chemical 
sc|iaration  that  disafipears  reappears  as  heat  cnerj^y,  for  the 
liquid  and  the  containing  vessel  become  warmed.  We  shall 
presently  show  how  it  may  be  made  to  assume  an  electrical 
form  of  energy,  hut  before  doing  so  a  few  liistorical  notes 
on  the  rise  and  development  of  this  method  of  i>roducing 
the  current  may  prove  interesting. 


HlSlOKlCAI,. 

We  have  already  (page  14)  alluded  briefly  to  (ialvani's 
im|K)rtani  discovery  in  1790,  and  to  Volta's  work,  which 
immediately  followed.  These  two  celebrated  i)hilosophers 
held  very  different  views  as  to  the  causes  of  the  phenomena 
with  which  tliey  dealt.  Galvani  ascribed  the  effects  to 
"animal  electricity"  produced  by  the  nerves  and  muscles 
of  the  frog  experimented  upon,  whereas  Volta  held  that  the 
electrical  manifestations  were  due  to  the  "  contact  force  " 
at  the  metallic  junction  of  the  two  dissimilar  metals  whicH 
he  found  were  necessary  if  only  two  parts  of  the  same 
muscle  were  touched.  \\'\i\\  the  substitution  of  "chemical 
action"  for  animal  electricity,  the  controversy  has-extendcd 
down  to  ihe  present  day,  and  though  in  the  intervening 
years  many  points  formerly  holly  contested  have  been 
settled,  there  are  still  some  outstanding  i)roblems  upon 
which  physicists  are  not  yet  quite  agreed. 

In  attempting  to  prove  his  point  that  electricity  was 
actually  developed  by  the  contact  of  dissimilar  metals, 
Volta  invented  the  condensing  electroscope  shown  in  Fig.  1. 
This  consists  of  two  circular  metal  plates,  the  upper  one 
attached  to  an  insulating  handle,  whilst  the  lower  one  is 
fixed  to  a  brass  rod,  which,  passing  through  the  neck  of  the 
gla.ss  globe,  supports  two  gold  leaves  at  its  lower  end. 
Two  rods  of  different  metals,  say  copper  and  zinc,  arc  now 
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soldered  logclher  end  to  end  so  as  to  form  a  single  com- 
jjound  roti.  The  zinc  end  of  this  rod  is  held  in  one  hand 
and  the  copi>er  end  is  brought  into  contact  with  the  lower 
plate  of  the  electroscope ;  the  U()per  plate,  which  at  the 
lime  is  resting  upon  the  lower  plate,  is  touched  for  an 
instant  with  the  other  hand,  which  is  then 

X  removed.  The  metal  rod  being  taken 
away,  and  the  upper  plate  lifted  by  its 
insulating  handle,  it  is  found  that 
the  leaves  of  the  electroscope  diverge, 
indicating,  as  may  easily  be  shown, 
that  the  plate  and  leaves  have  become 
charged  with  so-called  negative  electricity. 
VolLi  also  found  that  if  the  plate  of  the 
electroscope  were  made  of  copper,  and  if 
the  end  of  a  rod  of  line  were  brought 
down  upon  it,  but  with  a  piece  of  cloth 
moistened  with  acidulated  water  inter 
posed,  the  same  effect  was  produced. 

From  these  experiments  Volta  con- 
cluded that  an  electric  iension,  or  as  we 
now  call  it,  an  ilfclromotivt  /cue,  is 
developed  whenever  two  inert  met.als,  like 
copper  and  zinc,  are  brought  into  contact 
He  ([uite  overlooked  some  of  the  attend- 
ant circumstances  of  the  above  cx|ieri- 
menls,  more  especially  the  action  of  the 
moisture  of  the  hand  on  the  zinc  in 
the  first  case,  and  of  the  acidulated  water  on  it  in  (he 
second  case.  In  fact,  in  1795.  Wells  h.id  shown  that 
the  presence  of  certain  conducting  lit^uids,  notably  the 
mineral  acids  and  water,  in  contact  with  the  dissimilar 
niclals,  was  n  in   the  success  of  the  experiments. 

Volta  also  n\  the  (act  that  in  the  air  of  the  room 

the  two  metals  were  surrounded  by  an  oxidising  medium 
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which  would  lend  to  act  more  stiongly  on  the  zinc  tliun  on 
the  copiJCr. 

Following  lip  these  exiK-rinients,  Volta  found  that  the 
observed  eflects,  whether  electroscopic  or  muscular,  were 
very  much  increased  by  increasing  tlie  number  of  metallic 
junctions  in  the  conducting  arc.  provided  that  the  ends  of 
the  bi-mctallic  pieces  were  connected  by  linuid  conductors. 
The  conditions  of  this  experiment  will  be  best  understood 
by  relerence  to  Fig.  2,  which  is  reproduced  from  one  of 
Volta 's  papers.  He  gives  it  the  name  of  the  "Crown  of 
(,"ups."    The  arched  bars  CffZ  are  formed  of  two  different 


Fig.  I.— Volu's  "Crown  of  Cups.* 


mctal.s,  the  jiart  C'd  being  of  copper,  and  the  part  a'/,  of  zinc. 
The  cups  contain  pure  water,  or  salt  water,  or  lye,  an<l  it 
will  be  observed  that  into  each  of  them,  except  the  two 
extreme  ones,  the  inserted  ends  of  two  consecutive  bars 

1  arc  rinc  and  copper  respectively.  This  arrangement  of 
Volla's  is  in  fact  the  typical  arrangement  of  a  modem  one- 
fluid  primary  batter)',  as  will  be  seen  at  once  by  comparing 
it  with  Fig.  3,  which'  illustrates  the  latter.  The  chief 
difference  between  the  two  forms  is  that  in  the  more  modern 
one  the  parts  of  the  metallic  arches  that  are  inserted  in  the 
licjuids  are  made  of  large  flat  plates  instead  of  being  mere 
continuations  of  the  cuncd  portions.     In   the  older  form, 

'  however,  the  ends  of  the  conductors  immersed  in  the  liquid 
n|ipear  to  be  flattened  out.  Also  by  the  insertion  of  a 
single  f.inc  plate  into  the  jar  at  one  end,  and  a  single  cop|>er 

\  plate  into  the  jar  at  the  other,  the  contents  of  each  jar  arc 
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made  rxacily  iimilar  in  ihe  modern  form,  and  the  loose 
wires  extending  from  these  lenninal  plates  arc  ready  to 

make  the  connections  for 
an)-  desired  exiienmenL 

But  Volta  jwoduced  a 
very  much  more  compact 
form  of  his  arrangcuient 
of  bimetallic  conductors 
electrically  connected  by 
moisture,  to  which,  on 
account  o(  its  shape,  he 
gave  the  name  of  the 
"  Pile,"  a  name  which  is 
still  used  for  batteries  in 
France.  An  early  form  of 
this  very  important  piece 
of  apiiaratus  is  illustrated 
in  Fig.  4  ;  the  metallic 
parts  consist  of  a  number 
of  discs  of  ;iinc  and  copper 
of  the  same  diameter,  and 
these  arc  built  up  as 
shown  in  the  figure,  in 
which  the  coj)()er  discs 
are  marked  C  and  the 
zinc  ones  Z.  The  two 
Dieials  octur  alternately. 
The  lowest  disc  is  of 
copjier  ;  over  this  is  ]ilaced 
a  disc  of  zinc ;  between 
this  and  the  next  disc  ot 
cop|ier,  however,  is  inieiposcd  a  thin  layer  of  card  or 
leather  moistened  with  nci(lulate<I  water.  On  this  is 
]ila(ed  the  ili.ic  of  copper,  then  another  of  <inc,  then  a 
di*c    of    moistened    card,    and    ko    oil      The    order 


/'(»/. /.I '5  Pile. 


U 


always  zinc,  moistened  card,  cop]jer,  which  is  continually 
rei)eated.  The  numljcr  of  discs  th;it  can  he  used  is  only 
limited  by  mechanical  considerations  of  the  stability  of  the 
pile,  and  to  steady  it  the  four  vertical  rods,  ///,  m,  seen  at  the 
sides,  are  used.  These  must  be  of  non-conducting  material. 
It  is  found  that  the  electric  |)ressure  between  the  lowermost 
zinc  plate  and  the  ujipermost  copper  is  proportional  to  the 
number  of  ••elements,"  consisting  of  zinc,  moistened  card, 
copper,  which  makeup  the  "pile."  The  vessel  of  liquid 
connected  to  the  lowermost  copper 

*    *  mm  -1/.      tfi 

disc  was  used  by  Volta  to  make  con- 
nections from  the  pile  to  external 
apparatus.  In  the  completed  pile 
a  similar  vessel  was  connected  with 
the  topmost  copper  disc. 

'l"he  final  form  of  the  pile  is 
shown  in  Fig.  5,  where  the  su])- 
porting  columns  are  reduced  to 
three,  which  are  mechanically 
sufficient,  and  the  discs  cin  be 
clamped  tightly  together  by  the 
wooden  disc  at  the  top.  The 
terminal  beakers  of  liquid  are  re- 
placed   by    wires   soldered  to    the 

letminal  discs,  and  provided  with  binding  screws  for  greater 
convenience  in  making  connections. 

Volta's  pile,  though  extremely  interesting  historically,  is 
not  of  much  use  as  a  current  producer,  because  the  sheets 
of  moistened  card  inter) M)sed  between  the  metals  cut  the 
current  down  by  the  high  resistance  ($(t  page  41)  which  ihey 
offer  to  its  flow.  Hut  improvements  were  soon  introduced, 
which  had  the  effect  of  diminishing  this  resistance.  The 
earliest  of  these  was  made  by  Cniikshank,  who,  in  i8o», 
intnxluccd  the  batter)-  shown  in  P'ig,  6.  The  trough  is 
divided   into    a    number    of    separate    comiartm^.-its    by 
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i'oin|iouiul  rci  lanyular  sheets  of  cop|K.T  and  itinc  soKlered 
logclher  b.uk  to  hack,  and  so  placed  in  the  trough  that  a]| 
the  roppeis  fare  to  the  ri^hl  and  all 
the  /.ints  to  the  left.  A  loose  sh'jel 
of  copper  (Cii)  is  iil.nced  in  the  last 
compartment  on  the  left  and  a  loose 
sheet  of  zinc  (Zn)  in  the  last  on 
the  right.  The  various  comijart- 
inents  are  now  filled  with  dilute 
sulphuric  acid.  On  consideration  it 
will  be  seen  that  this  is  sinijily  n 
Volia's  pile  Set  hori/.ontally,  and 
with  the  moistened  card  replaced 
l>y  dilute  acid,  which  is  a  much 
better  conductor ;  it  therefore  gives, 
under  the  same  external  circum- 
stances, a  much  stronger  cuncnt 
l!ian  a  pile  consisting  of  the  same 
nimibcr  of  plates  of  zinc  and  copper  ; 
but  the  current  soon  falls  ofT.  More- 
over, there  is  considerable  chemical 
action  when  the  battery  is  not 
sending  a  current,  luid  to  avoid  this 
the  acid  should  be  emptied  out  when 
the  IxJttery  is  not  in  use. 
Wollastun    introduced    the    much-improved 
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Te^ shown  in  lig.  7.  Instead  of  Criiikshank's  single 
trough,  dividt'd  niori;  or  less  coniplctely  into  separate  com- 
partments, Wollaston,  returning  lo  Volla's  earlier  form  (Fig. 
2),  used  (1  seiiarate  cell  (in  this  case  of  glass  or  porcelain) 
for  each  pair  of  jilates,  a  i)ractice  which  h.is  ever  since  heen 
universally  followed.  The  plates  themselves  consisted  of 
lectangular  blacks  of  zinc,  st,  and  U  shaped  sheets  of  thin 
copper.    The  zinc  of  one  cell  was  joined  to  the  copper  of 


the  next  by  a  band  of  copper,  »/,  and  kept  from  touching 
the  ropier  of  its  own  cell  by  strips  of  wood  which  were 
wedged  in  between  thcni.  The  cop|>er  bands,  m,  were 
rigidly  attached  to  the  wooden  framework,  K,  so  that,  when 
not  in  use,  wasteful  chemical  action  could  be  stopped  by 
lifting  the  plates  bodily  out  of  the  acid,  a  plan  much  more 
convenient  than  emptying  the  acid  out  of  the  cells. 

In  AVullaston's  cell,  the  peculiar  sha[>c  given  to  the 
copper,  by  which  it  almost  completely  surrounds  the  /.inc, 
tends  very  much  to  diminish  the  internal  resistance  of  the 
cell  by  the  increased  cross  section  of  the  path  along  which 
the  current  travels.     This  idea  «.as  carried  further  in  i8j2 
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by  Hare,  of  I'liiladclphia.      He  |)lat:ed  a  largo  sheet  of  zim 
on  a  large  sheet  of  copper,  and  separated  thera  from  on 
anjther  by  narrow  strip.?  of  cloth  ;  these  were  tlien  rolled  up 
as  shown  in  pian  in  the  lower  part  of  Fig.  8,  and  niountet 

over  a  trough  of  acid  into  whici 

the  roll  could  be  lowered  whe 

a   current    was    required.       On 

account  of  its  very  low  resistant 

due  to  the  large  surfaces  of  cOj 

per    and    zinc    and     the    shoi 

distance  between  them,  this  eel 

could  give  a  very  large  current, 

which  e.\hibited  powerful  heatinj 

efTecls.     The  cell  was  therefori 

known  as  Hare's  Deflagrator. 

fr^^wK  In  all  the  above  cells,  wasti 

'  — .—    }^^^^^        ful  chemical  action  takes  plao 
if  the  plates  are  left  in  the  liquid 
when  no  current  is  being  takei 
from  them.     Tliis  defect  is  tec 
nically  known  as  "  local  action 
and  is  due,  as  we  shall  present! 
see,  to  the  fact  tliat  the  surfac 
of  the    zinc    plates  are   not 
uniform  hardness,  and  al.so  tb 
minute  impurities  arc  embedd^ 
in    them,      Sturgeon,    in    183 
discovered  that  this  local  uctic 
could  be  very  much  diminish 
by  "anialgam.iting"  the  zinc  plates  with  mercury.    'l"o 
this,  the   [ilates  are    first    cleaned    liy    dipping    thcro 
moderately    strung    sulphuric    acid,    and    then    mercu 
is  rubbed    over  their  surfaces  with    a  rag  tied   on    tl 
end  of  a  stick.     After  this  treatment  a  mu«:li  more  uni/01 
surface  is  exposed  to  the    action   of   the  acid,  and 


•« 


Fig.  I.  -  Hare^  DcAagrator. 


Terms  Em r loved. 


37 


[zinc    is  not   attacked    so    N-igorously   when    no   current   is 

[flowing. 

Another  fault  in  these  early  cells  is  the  rapid  falling  off 

kof  the  current  in  the  first  few  minutes  al'ter  the  external 
circuit  is  completed.  This  is  due  to  "  polarisation,"  which 
V3S  first  successfully  dealt  with  by  Daniell,  who,  in   1836, 

jiroduced  a  cell  which  is  still  largely  used. 


Explanation  ok  Tkkms. 

Before   we    desciibe    the   modern    forms   cif    galvanic 

kbattcries  wc  must  explain  a  few  of  the  terms  which  we  shall 

Hrequently  have  occasion  to  use.     Hitherto  we  have  only 

fspoken  of  the  "  electric  pressure  "  between  the  two  ends  of 

:Volta's  various  contrivances.     We  must  now  indicate  what 

this  means.     Before  Galvani's  and  Volta's  discoveries,  the 

'only  methods  of  obtaining  electrical  eflfects,  in  addition  to 

those  due  to  thunderstorms,  &c.,  dejiended  upon  the  friction 

Bf    v.arious    bodies    called    "  electrics."     By   these   means 

nsulated    conductors   could   be   charged    with    what   was 

balled    electricity,    which    in   all    these    early    ex|)eriments 

tcrtainly  behaves   as    if   it    were   an    incomjiressible    fluid. 

rranklin   regarded    so-called  pcsilive/y   charged    bodies   as 

possessing  an  txttsi  of  this  fluid,  and  the  so-called  negativdy 

rharged  bodies  as  being  deprived  of  part  of  their  [jroper 

Ijuantity,  whereas  uncharged  bodies  simply  possess  a  normal 

imount  of  it.     This  is  the  view  which  is  most  in  accordance 

1th  modern  ideas.     By  means  of  the  effects  they  produce, 

the  various  charges  were  capable   of   more  or  less   exact 

neasuremeiiL     .Mso    when    a   conductor,  charged    with    a 

pertain  quantity  of  positive  electricity,  is  joined  by  a  metallic 

Irire  to  a  conductor  charged  with   an  (qiial  quantity  of 

Icg.itive  electricity,  all  trace  of  electrical  action  disappears. 

lilts    process  was   called  disi/inrf^inf;  the  conductors,  and 

luring  the  operation  electricity  pa.sscs  along  the  wire  from 
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tlie  (josiiivcly  charged  body  to  the  negatively  charged  body. 
This  passage  constitutes  the  so-called  current  of  electricity, 
and  the  immediate  influencing  cause  of  the  flow  of  the 
electricity  was  the  electric  force  or  presmre  whieh,  before  the 
bodies  were  joined,  had  been  set  up  between  them  in  the 
jjroresK  of  charging. 

Now,  if  the  conductors  joined  to  the  two  ends  of  a 
voltaic  ])ilc  arc  examined  for  electrical  effects,  it  is  found 
thai  the  one  joined  to  the  co[)per  end  behaves  as  a  body 
feebly  charged  with  positive  electricity,  and  that  joined  to 
the  /inc  end  behaves  as  a  body  feebly  chargeil  with  negative 
electricity.  If,  therefore,  these  two  bodies  are  joined  by  a 
conducting  wire,  a  current  of  electricity  should  (low  from  the 
copper  to  the  zinc  ;  and  such  is,  in  fact,  the  case.  But  now 
occurs  the  phenomenon  in  whi(;h  the  pile  diflfers  from  the 
older  methods  of  |):otlucing  electrical  effects.  If  the  copper 
and  /,inc  ends  be  disconnected  they  will  be  found  to  be 
«till  charged  with  as  much  electricity  as  at  first,  instead  of 
being  discharged  as  in  the  experiment  previously  described. 
In  fact,  if  an  electrometer,  which  is  an  instrument  for 
measuring  electric  ])rcssure,  be  applied  to  the  copper  and 
zinc  ends,  even  whilst  joined  by  a  conductor  it  will  be 
found  that  there  is  a  difference  of  electric  pressure,  or,  as  it 
is  usually  called,  a  difference  of  electric  potential  between 
them.  No  such  difference  of  potential  will  be  found  after 
the  connection  is  made  Ijctween  the  [jositively  and  nega- 
tively charged  bodic'i  rcfcrrc<l  to  in  the  last  paragraph.  Now 
electric  pressure,  or  potential  difference,  however  produced, 
meaMires  simply  t/u  tendency  '/  ekitrtdty  to  jhrw  from  the 
point  lohere  the  potcNtial  is  lii^h  to  the  point  n'liere  it  is  linvtr. 
The  flow  will  always  take  jilace  if  a  coitducting  path  he  ftv- 
viJeJ  between  the  two  points.  By  a  conthi'iing  path  is 
nteant  a  path  along  which  electricity  can  llow,  and  it  i^  a 
matter  for  experiment  to  decide  what  ntalcriaU  cut  supply  this 
p:ith.     It  follows  thai  a  continuous  flow  of  clcclricily  must  be 
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taking  place  along  the  t  onduclinn  wire  from  the  topper  to 
the  zinc;  in  other  words,  there  is  a  continuous  tUctrie 
far/-<'/;/ along  the  wire.  In  fact,  tlie  pile  renews  the  potential 
dilTcrenie  at  the  two  ends  of  the  wire  as  rapidly  as  it  is 
destroyed  by  the  flow  of  the  electric  charges  alonj;  the  wire. 
In  this  way  a  continuous  current  of  electricity  is  maintained 
in  the  wire.  But  we  have  alrc.idy  seen  that  a  continuous 
electric  current  can  only  he  maintained  hy  an  expenditure 
of  energy.  In  this  case  the  pile 
supplies  the  energy  which  maintains 
the  current,  .nnd  this  energy  is  ob- 
tained from  the  slow  oxidation  or 
burning  away  of  the  zinc,  due  to  the 
action  of  the  acid  in  the  moistened 
card  upon  it. 

The  typir.Tl  simplevollaic  rell(Fig. 
9)  behaves  in  exactly  the  same  way. 
If  the  conducting  wire,  CZ,  be  re- 
moved, it  will  be  found  that  thi 
ends  C  and  Z  connected  to  the 
pbvtes  are  feebly  charged  with  posi- 
tive ( + )  and  negative  ( — )  electricity 
respectively,  and  thus  when  they 
arc  joined  a  current  of  electricity 
flows  from  C  to  Z.  As  in  the  pile,  the  current  continues 
to  flow  because  the  charges  at  C  and  Z  are  renewed 
as  rapidly  as  ihey  are  iiis(  barged,  and  the  energy  of 
the    current    is  supplied   by   the  slow  eonibu.stion    of  the 

lllnc  in  the  cell.  Hut,  as  we  h.ive  already  said,  electricity 
behaves  as  an  iucmnpressible  lltiid.  If,  therefore,  it  is  i.'on- 
tinually  (lowing  from  C  to  Z  it  cannot  accumulate  at  Z,  but 

■  must  return  to  C  by  the  only  other  con<lu('ting  path  oi)cn  — 
namely,  down  the  y.inc  plate,  Zn,  through  the  lii|uitl  to  the 

I  copper  plate,  Cu,  and  thus  back  to  C.  The  battery  thus 
behaves  as  n  pump  which  is  continually  pimiping  electricity 
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ruund  till*  rirrtiit.  Hut  whereabouts  in  the  circuit  is  the 
|Miin|)  siliiatcd?  We  have  seen  that  the  enerj^y  of  the 
<  UFTcnt  is  ilciivcil  from  the  slow  combustion  of  the  zinc  It 
«cemii,  therefore,  natural  to  suppose  that  the  driving  power 
which  pun(|i»  the  electricity  round  the  circuit  is  situated  at 
the  [ilace  when;  this  combustion  is  going  on — that  is,  at  the 
/inr  acid  junction  and  ihai  this  is  the  sMt  of  the  tUctio  motivt 
fonf  (or  cleclric  pressure)  in  the  cell.  This  view  is  supported 
by  (he  fart  first  pointed  out  by  Sir  William  Thomson  that 
Ihc  n)a).',niliidi:  of  ihi-  elcclro-molive  force  can  be,  at  least 
very  approximately,  calculated  from  the  thermal  values  of 
the  chemical  reactions  Uiat  take  place  in  the  cell.  In  other 
wordk,  tiinrc  we  know  the  heat-value  of  the  cond)ustion  of 
one  uram  or  one  ei|uivaleni  of  zinc,  and  the  t|uantity  of 
electricity  that  is  set  in  luotion  when  this  jiinc  Is  consumed, 
we  can  calculate  the  value  of  ihe  UnJoicy  there  is  to  set 
electricity  in  motion — that  is.  the  titdro-motht  font,  or  the 
(leclric polfntial diffrifuct,  or  xhi:  flectnV pressure  dtvclopcd — 
when  zinc  is  brou(;ht  into  contact  with  an  oxidising  medium. 
This  eleelro-motive  force  always  acts  in  the  direction  from 
the  r.inc  /(WarJs  the  oxidising  medium,  and  is  measured  in 
terms  of  a  unit  called  the  Volt,  which  for  the  present  wc 
shall  simply  regnnl  as  a  unit  in  which  electric  pres.sures  can 
be  measured.  It  will  be  accurately  defined  later  on.  In 
the  same  way,  the  electric  potential-difference  existing 
between  tiny  oxidisable  body  and  the  oxidising  medium  in 
which  it  may  be  placed  can  be  c^alculated  {ste  page  45),  and 
this  is  always  such  that  when  the  circuit  is  closed  the 
eleclrlciiy  tends  to  flow  from  the  oxidising  medium  to  the 
oxidisable  body  in  the  cxlcmal  part  of  the  circuit,  and  from 
the  oxidisable  body  to  the  oxidising  medium  across  the  junc> 
tion.  Now  copper  is  oxidisable,  but  not  as  easily  as  zinc. 
'I'herc  is  therefore  an  electric  pressure  at  the  ropper-ncid 
junction  (Fig.  9)  tending  to  drive  electricity  from  the  licpiid  to 
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into  ihe  liquid  across  the  junction.  This  pressure  acts 
against  the  pressure  at  the  zinc  acid  junction,  and  is  a  dis- 
advantage, as  the  effective  (iressure  in  the  circuit  can  thus 
only  be  the  difference  of  the  pressures  at  the  two  junctions. 
It  is  as  if  we  had  two  pumps  at  work  in  the  circuit  ;  a  strong 
one  at  the  zinc-acid  junction  puin[)in.n  the  electricity  round 
in  one  direction,  and  a  feebler  one  at  the  copper-acid 
junction  trying  to  pump  it  round  in  the  opposite  direction, 
and  therefore  diminishing  the  flow.  We  shall  return  to  the 
■  consideration  of  this  ])oint  again,  but  meanwhile  we  must 
caution  our  readers  that  the  above  view  of  the  position  of 
the  eltdro-wotivc  font  in  the  voltaic  circuit  is  not  held  by  all 
physicists.  Some  following  Volta's  ideas  of  "Contact  Force" 
consider  the  eleciroraolive  force  as  placed  at  the  point  Z, 
where  the  dissimilar  metals,  the  copper  of  the  conducting 
wire,  and  the  zinc  plate  of  the  battery,  are  in  contact.  The 
problem,  though  at  first  sight  exlremely  simple,  is  not  easily 
settled  by  direct  experiment.  A  full  discussion  of  the 
various  arguments  in  the  controversy  would  lead  us  far 
beyond  the  plan  of  this  book.'  All  authorities  are,  how- 
ever, agreed  that  the  enerf^y  is  taken  into  the  circuit  at  the 
«inc-acid  junction,  and  is  due  to  the  combustion  of  the  xinc. 
This  is  the  main  fact  to  keep  in  view. 

Resistana  is  another  term  that  we  shall  frequently  use. 
It  is  found  that  the  magnitude  of  the  current  that  flows 
from  C  to  Z  (Fig.  9),  when  they  are  joined  by  a  conductor, 
depends  upon  the  dimmsions  and  material oi  ihe  conductor. 
If  a  short  thick  copjier  wire  be  used,  a  greater  current  will 
pass  than  if  a  long  thin  one  be  employed,  for  an  increase 

'  The  student  who  circs  to  pursue  the  subject  will  find  it 
enhnustivcly  dcnll  with  in  a  paper  hy  Dr.  (1.  |.  LmIkc  "On  the  Sc.it 
of  the  Elcclro-niotive  Kurcc  in  a  Voltaic  Cell "  (viitt  fonmal  of  Iht 
Sixitlf  of  Ttlrsjaph-F.n,i;iimrs,\<\\.  xiv.,  1885,  pp.  186  <■/  .n-i/.).  The 
arinimcnts  iij;ain%t  Dr.  Lodge's  views  will  be  found  in  llie  diiwunsiun 
which  followcl  the  rending  nf  Ihc  paper. 
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of  length  increases  the  resistance,  whereas  an  increase 
thickness  diminishes  it.  Again,  with  a  copper  wire,  a 
(greater  current  is  obtained  than  with  an  iron  or  (ierman- 
silvcr  one  of  liic  same  dimensions.  The  physical  pro- 
|)crty  of  the  conductor  which  thus  influences  the  currei 
i(  cjllcd  its  rtsistance,  and  the  lower  the  resistance  tb 
greater  is  the  current  set  up  in  the  case  cited.  But  the 
plalcH  and  fluid  of  the  cell  are  also  part  of  tlie  circuit,  an 
have  to  provide  part  of  the  path  for  the  current,  wh 
experiment  shows  is  affected  by  altering  the  size  of 
plates  or  the  concentration  of  the  liquid.  'Iherc  is  thus 
intfniit/  rrfis/iiiicf  in  a  voltaic  cell  which  affects  the  msgn: 
tudc  of  the  current,  and  when  large  currents  are  required 
this  internal  resistance  should  he  made  as  small  as  possible. 
The  unit  in  which  resistance  is  measured  is  called  the  Ohm. 
(Sfe  page  276.) 

Jt  is  also  important  to  understand  clearly  the  twiiirndi 
tun  usually  employed  in  referring  to  the  various  parts  of 
voltaic  cell.  We  have  seen  that  insult  the  cell  the  curre: 
(lows  from  the  plate  at  which  the  chemical  action  is  moi 
energetic  to  the  plate  at  which  it  is  less  energetic.  Thus, 
Fig.  ij  the  current  inside  the  cell  flows  from  the  zinc  plati 
Zn,  to  the  copper  plate,  Cu.  The  former  is  therefore  call 
Xhe /><>sitive  (or  +)  plate  of  the  battery,  and  the  latter  thi 
nfi^aU'vc  (or  — )  plate.  Hut  outiiik  the  battery  the  rurre 
flow.s  from  the  terminal  or  iUdrodt  C  connected  with  t 
negative  plate  to  the  electrode  Z  connected  with  th 
|>ositive  plate.  The  former  electro<le  i.s  therefore  railed  thI 
positive  ( -f )  terminal  of  the  battery,  and  the  latter  ti 
negative  (— )  terminal.  Thus,  the  ntg^atixt  tirminal 
flectruJe  is  i-onne(  ted  to  the  /losilh^  f>M(,  and  the  /o.r///i 
terminal  or  tUctrode  to  the  fiei;atiiY  platt.  Tliis  sumetim 
leads  to  confusion  amongst  those  who  arc  unaccustomed 
(latteries,  but  the  distinction  is  ca.sily  grasi)cd  if  the  attcntii 
be  fixed  on  the  direction  of  the  current  in  the  diffcTcnl  jwi 
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I  of  the  circuit.  The  names  of  the  />/<//«  have  reference  to 
[the  course  of  the  current  iMsiJe  the  cell,  whereas  the  names 
[of  the  terminals  or  eUdrodcs  have  reference  to  the  course  of 
I  the  current  outside  the  cell. 


I'oiARis.vno.v. 
The  batteries  we  shall  next  describe  have  most  of  lium 
[been  devised  with  a  view  to  overcome  more  or  less 
Icomjfletely  one  of  the  most  troublesome  drawbacks  of  the 
[early  l)atleries,  namely,  "  jwlarisation."  The  few  exceptions 
|cunsi.st  of  batteries  devised  for  special  inirposes,  where  either 
[polarisation  is  in  itself  immaterial,  or  where  only  very  small 
Icurrents  are  required,  and  therefore,  as  we  shall  see,  very 
[little  polarisation  can  take  place.  In  batteries  which 
"  pohirise,"  the  current  is  not  long  maintained  at  the 
uirengtl)  which  it  has  when  the  circuit  is  first  closed,  but 
[tills  off  at  first  rapidly  and  afterwards  more  slowly.  The 
[larger  the  initial  current,  the  more  rapid  is  this  falling  off. 
[The  evil  is  due  to  one  of  the  fundamental  properties  of  the 
[current,  namely,  the  chemical  effect  which  is  always  pro- 
jduced  when  a  current  of  electricity  passes  from  a  solid  to  a 
[rhcmicvlly  comjwund  li'iuid  conductor  or  <•/?<■  jr/w.  Now 
Ithis  must  always  hajjpen  when  a  galvanic  cell  is  used  as  the 
jurce  of  the  current,  for,  as  we  liavc  already  seen,  a 
[compound  li(|uid  is  one  of  the  easentinl  parts  of  such  a  cell. 
[The  laws  of  the  chemical  action  of  the  current  will  be  more 
|ininutely  considered  in  the  next  section  under  the  head  of 
'  electrolysis/'  I'or  our  present  puri)ose  we  may  broadly 
dlate  that  where  the  t  urrent  <iitets  the  liquid  the  product  of 
[the  decomposition  of  the  liquiil  is  either  oxygen,  or  (hhrint, 
some  element  or  radical  which  easily  attacks  such  metals 
xinc,  lead,  &c.,  and  that  where  the  current  leaves  the  liquid 
\kydri>^(n^  or  some  tnetallk  element  is  separated    from  the 

'  II  should  lie  noticed  Ihni  hydrogen,  Ihoujjh  n  (>.is,  is  rr|;!ir<ltil  liy 
nists  AS  a  metal. 


44 


Tun   EleCIKIC    CL'KREST. 


Iic{ui<i.  Now  we  have  already  seen  (pagejy)  that  the  direc- 
tion of  the  current  insiiii  the  typical  cell  (Fig.  9)  is  from  zinc  to 
copiH-T,  or  from  the  metal  most  easily  attacked  by  the  li<iuid 
to  the  metal  less  easily  attacked.  In  all  the  cells  we  have 
hitherto  described,  the  action  of  the  current  is  therefore  such 
as  to  i)roduce  oxygen  at  the  zinc  end  of  the  cell,  which 
dissolves  or  burns  the  zinc,  and  thus  supplies  the  energy 
with  which  the  current  is  endowed.  l!ut  nt  the  cojiper  end 
the  current,  at  every  point  where  it  leaves  the  liquid, 
separates  out  hydrogen,  and  as  hydrogen  does  not  combine 
with  copper,  it  adheres  to  the  plate  in  bubbles,  wliich  .are  at 
first  very  minute,  but  increase  in  size  as  the  action  continues. 
These  bubbles  of  hydrogen  cut  down  the  current  in  two 
ways.  In  \\\iz  first  [)lace  they  are  very  bad  conductors  of 
electricity,  and  act  as  a  highly  resisting  shield  which  prevents 
the  current  passing  easily  from  the  liquid  to  the  cojiper,  and 
thus  lliey  materially  increase  the  internal  resistance  of  the 
cell.  In  the  second  place,  hydrogen  is  an  oxidisable  nict.al, 
and  thcrelbrc,  as  already  pointed  out,  wherever  a  hydrogen 
bubble  is  in  contact  with  the  o.xidising  liijuid  there  is  a 
tendency  for  a  current  to  flow  from  the  hydrogen  into  the 
litiuid,  when  a  complete  circuit  is  provided.  But  the 
clectro-mtitivc  force  thus  set  uj)  is  opposed  to  the  electro- 
motive force  at  the  zinc-acid  junction,  and  therefore  the 
effective  electro-motive  force  or  electric  ]>ressure  of  the  cell 
or  the  complete  circuit  is  only  the  difference  between  the 
zinc-acid  electro-motive  force  and  this  hydroi;en-acid  electro- 
motive force.  It  is  !ts  if  we  had  another  electrical  pump  at 
the  hydrogen-acid  junction  working  against  the  electrical 
l<ump  at  the  zinc  acid  junction,  and  trying  to  pump  the 
ele<triciiy  round  the  circuit  in  the  oppo.site  direction.  It  is 
true  that  before  the  hydrogen  bubbles  formed  there  was  a 
b.ick  electiic  pressure  at  the  copper-acid  junction,  due  to  the 
fact  that  copjicr  is  oxidisable  \v>  well  (is  zinc,  but  the  copper- 
.icid  electric  ]in9xure  is  mnch  less  than  the  hydrogen-acid 
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electric  pressure,  and  iherelorc  the  formation  of  the  hydro- 
gen bubbles  is  a  great  disadvantage. 

It  will  conduce  to  clearness  if  we  here  give  n  table, 
obtained  from  direct  experiments,  of  ihe  heat-value  in 
"  calories  "  of  the  oxidation  of  the  various  elements.  The 
first  column  contains  the  name  of  the  element ;  the  second 
column  the  weight  of  the  clement  in  grams  which  must  be 
oxidised  to  produce  the  number  of  calories  given  in  the 
third  column.  The  rea.sons  for  taking  these  particular 
weights  will  be  considered  in  the  next  section  (juige  303). 
It  may  be  stated,  however,  that  they  are  the  rtlaiive  weights 
which  enter  into  the  chemical  changes  with  which  we  are 
dealing.  The  last  column  contains  the  electro-motive  force 
or  electric  pressure  which,  whenever  the  clement  is  im- 
mersed in  an  oxidising  medium,  acts  from  the  element  to 
the  medium.  These  electromotive  forces  are  calculated 
from  the  heat  values  by  a  method  first  pointed  out  by  Sir 
William  Thomson. 


Tarle  I.— 1 

IBATS     OF    OXIllATlON 

AND     El.RCTKIC    I 

RESSURES   OF 

Various  Mf.taus 

IN 

OXIDISI.NG 

MuniA. 

Mclal. 

W>iv;l,l 

H 

-,it  .jf  D^idalion   ,    tltrdic  PrcssHrcs  in 

OxiUiKtl. 

iu  Calorici. 

an  Oxidijcing  Aledium. 

Magnesium 

24  grams 

143,900 

3-"3 

volts 

rotassliiiTi 

...        78     .. 

139,600 

3 '03 

Soilium.. 

46     „ 

135.600 

2-95 

Calciuin 

40     „ 

131,000 

[ 

285 

Zinc      . 

65-5  „ 

85,Scx> 

I  86 

Tin 

59     .. 

72,650 

IS» 

Hydrogen 

2 

68,400 

1-56 

Iron 

V. 

68,240 

I-4H 

Uftd     . 

50,300 

I  09 

Copper 

(•ii    .. 

37. 200 

•81 

Mercury 

200     ,, 

20,700 

•45 

.Si  vet 

:^l<:)     ., 

5,900 

•J 

The  above  table  gives  only  the  "  heat  of  o.xidation  "  of 
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the  various  clctnciits  selected,  and  this  necessarily  fitlls  short, 
as  already  pointed  out,  of  the  heat  develor>ed  hy  the  whole 
of  the  clicniirni  motion  that  takes  place  in  a  voltaic  cell. 
I'or  inslnnic,  in  Wollaston's  cell  the  zinc  is  converted  not 
into  ^inr  oxide,  Imt  into  zinc  oxide  sulphated,  i.e.,  into 
sulphate  of  zinc,  and  to  the  heat  of  oxidation  should  be 
added  I  he  sulisequenl  heat  of  suljihation.  In  order,  there- 
fore, lo  furnish  fuller  numerical  data  applicable  to  cells  in 
which  sulphuric  acid  is  used  as  one  of  the  exciting  liipiids, 
we  api)cnd  another  tahle  on  the  "heats  of  sulphation"of 
some  of  the  metallic  elements.  It  must  be  clearly  under- 
stood that  the  nunilxts  given  in  the  column  hc.ided 
"  Calories "  arc  the  results  of  purely  tlitrmal  experiments, 
and  that  the  Klectric  Pressures  in  the  next  column  are 
tahiilixted  from  these  accortling  to  (irinciples,  the  discussion 
of  which  would  lead  us  l)eyond  the  limits  of  the  plan  of 
thi:«  book. 


Tabi.k  11.— Ukats'   ok   Sui.i'iiATioN  AND  Ei.kctrk:    I'ressures 


OK  Various  Mkiaus 

IN    SULIIIATINO 

>tK,l>IA. 

Meul. 

Weight 

Heat  of  Sulphatkin 

Kfcclric  Prexum  to  a 

Sulphawd. 

in  Calorie*. 

SulpK^MT»)f  Medium* 

I'll(flMlllIII 

7S  i;iani. 

J>|.'Ju>' 

3  ' ■  ■ 

ScHliuin 

V>      .. 

"5.7«x> 

40O     .. 

Calcium 

4"     .. 

2I9..S00 

47«     .. 

MiKnouuni 

»♦     .. 

2li;,J(jo 

476 

/.inc      

Oj-S.. 

I45.JOO 

3'f' 

Iron      

SO    .. 

IJiioo 

iS8 

C<i«J«lt 

59    M 

1 27.100 

J7«. 

Nickel   ,. 

^0    .. 

lift,  100 

2  74 

U«]      . 

.'"7     .. 

1  t-.f,y<:io 

245 

HydKHTcii 

.:     .. 

lo7.fx)0 
(•ul|'))tiric  iu:iil) 

2i4 

Copp  , 

"3     .. 

os-ioo 

aor 

.Silver 

;i(.     ,, 

v>,,<;<>j 

1  2y    ,, 

llu: 


i  t^kui«.«t 
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Wl)ilsl  dealing  with  these  numerical  data  it  would, 
perhaps,  be  well  to  give  here,  for  coiuenicme  of  reference, 
the  "heals  of  foiinaliou"  of  i  hlorides  with  the  correspond- 
ing electric  jiressures  in  cliloridi^ing  media.  These  are 
necessary  in  addition  to  the  foregoing,  because  in  some 
well-known  batteries,  notably  the  Leclanclu-  (pjgo  (w),  the 
zinc  is  converted  into  /inr  chloride  instead  of  zinc  suliiiiate. 
The  following  numbers  refer  to  such  batteries : — 

Tablb  III.— Heats  ok  Ciiloridation  and  Electric  Pressures 
OF  Vauioi's  Metals  in  Ciilokidizino  Media. 


.Meul. 

Weighl 

Heal  of  Chloridalimi 

Flcctric  Pressure*  in  a 

Oilariaittd. 
78  grams 

ill  C.nlurie-4. 
199,800 

ChloriJifing  Medtiiiti. 

Potassium 

4'34  volts 

Sodium 

46    „ 

192,800 

419 

Calcium 

40    „ 

187,200 

4-07 

Mngncsiuin 

24     .. 

186,900 

406 

Aluminium 

18    „ 

1 58,500 

344 

Zinc 

655  .. 

1 12.800 

2-45 

Iron 

56    .. 

100,000 

217 

CoUU 

59    ,. 

94,800 

20'> 

Nick«l  .. 

59    .. 

93700 

204 

Tin 

118    „ 

81.100 

«76 

Hyilrogcn 

2    ,. 

78  600 

171 

Lea-l     

207    „ 

76,003 

165 

1  'oppti .  . 

63    .. 

62,700 

lj6 

Silver 

210    ,, 

58,800 

128 

Mercury 

200    ,, 

49,900 

loS 

A  very  slight  examination  of  these  tables  will  suffice  to 
show  how  it  is  that  the  eflTective  eleclrir  pressure  produced  by 
a.  \Vollaston"s  cell  (Fig.  7)  is  diminished  by  thede[)ositionof 
hydrogen  bubbles.  When  the  cell  is  new,  and  the  zinc  and 
copper  both  clean,  the  tendency  of  the  /.inc  to  oxidise  gives 
an  electric  pressure  of  i  86  volts,  acting  from  the  metal  to 
the  li'juid.  and  the  tendency  of  the  copper  to  oxidise  gives 
an  clectrir  pressure  of  o'8i  volts,  acting  from  the  copper  to 
Uie  liquid.     In  the  completed  circuit  these  pressures  oppose 
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one  another  and  jjroduce  an  "efTertive"  pressure  of  i  "05 
(/>.,  r86— o-8i)  volts  available  for  drivinj;  electricity  round 
the  circuit.  But  if  the  copper  be  replaced  by  hydrogen,  the 
electric  pressure  at  the  hydrogcn-liciuid  junction  is  i'56 
volts,  and  thus  if  the  immersed  jart  of  the  copper  plate 
becomes  completely  covered  with  hydrogen,  the  eft'ective 
electric  pressure  in  the  circuit  will  fall  to  0*30  (f86 — fs6) 
volts,  or  about  one-seventh  of  its  previous  value.  These 
figures  arc  taken  from  the  table  of  the  heats  of  "oxidation"; 
if  we  employ  instead  the  pressures  corresponding  to  the 
heats  of  "  sulph.ition,"  we  find  that  the  effective  pressure  of 
the  unpol.irised  cell  is  it>9  {i.e.,  3-16 — z'oy)  volts,  which 
falls  on  polarisation  to  0-82  (3'i6 — 2'34)  volts. 

The  tables  are  further  useful  as  a  guide  regarding  the 
probable  effect  upon  the  electro-motive  force  of  the  cell  of 
substituting  other  ntetals  in  the  place  of  the  zinc  or  the 
copper.  'I'hus,  if  the  zinc  1m;  replaced  by  a  plate  of 
metallic  magnesium,  the  electro-motive  force  of  the  rong- 
nesium-acid-coi)per  combination  would  be  approximately 
476 — 206  =  270  volts,  a  much  higher  value  than  when 
zinc  is  used.  Unfortunately,  as  anyone  who  has  used  the 
magnesium  light  knows,  magnesium  is  an  expensive  metal, 
costing  about  sixty  times  as  much  as  zinc.  If  it  could  be 
produced  at  a  price  approaching  that  of  zinc,  it  would  be 
largely  used  in  voltaic  batteries,  and  these  might  then  be 
made  to  compare  more  favourably  with  other  methods  of 
producing  the  elertrir  current,  though  "  local  action  "  would 
jjrobably  be  troublesome.  Any  pair  of  metals  in  the  tables 
placLii  in  a  liquid  of  the  nature  refcrre<l  to  in  the  particular 
table  will  form  a  simple  voltaic  cell,  and  the  electro-motive 
lorcc  in  volts  that  the  combination  will  give  can  be  approxi- 
mately foretold  by  taking  the  (lifTerence  of  the  numbers  in 
the  last  column  corresponding  to  the  two  metals  selectwi. 
The  fundamental  conditions  necessary  for  the  formation  of 
a  simple  voltaic  cell  may  be  defined  to  be  the  presence  of  at 
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IrasTone  junction  of  a  solid  and  a  liquid  at  which  chemical 
actiun  can  take  place ;  there  will  of  necessity  be  another 
junction  of  a  solid  and  a  liquid  when  the  circuit  is  completed, 
and  if  chemical  action,  or  even  chemical  strain,  is  possible 
at  this  junction  also,  it  is  essential  that  its  energy  value 
should  differ  from  the  energy  value  of  the  chemical  action 
at  the  first  junction.  'I'hese  conditions  are  usually  fulfilled 
by  placing  two  plates  of  dissimilar  metals  in  a  licjuid  or  in  two 
different  licjuids  separated  by  a  j)orous  diaiihragin,  but  they 
can  also  be  satisfied  by  putting  two  plates  of  the  same  metal 
into  two  different  litjuids  that  are  in  conducting  communica- 
tion with  one  another,  provided  that  the  chemical  uction  of 
one  liquid  on  the  metal  is  different  from  that  of  the  other, 
Such  a  ceil  w.ts  devised  by  Napoleon  III. 


Modepn  Primary  Batteries. 

The  methods  by  which  polarisation  has  been  reduced 
in  modern  bailcries  niay  be  divided  into  three  classes, 
vii. : — 

{(/)  Mechanical  metlKnis. 

{b)  Chemical  methods. 

((•)  Electro-chemical  methods. 

In  the  first  of  these  the  polarising  films  are  removed  from 
the  negative  plate  mechanically,  either  by  brushing  the 
plate,  or  by  agitating  the  liquid,  ur  by  using  some  kind  of 
mechanical  disturbance.  In  the  second,  the  liquid  that 
Mirrounds  the  negative  plate  contains  some  chemical 
body  which  is  capable  of  combining  with  the  polarisation 
bubbles  as  they  are  formed,  and  thus,  as  it  were,  strangling 
the  polarisation  at  its  birth.  In  the  last  class  of  methods 
the  metal  that  is  separated  out  of  the  li(|uid  at  the  negative 
plate  is  in  a  solid  form,  and  is  usually  the  metal  of  which 
the  negative  plate  itself  is  composed,  so  that  the  deposition 


so 


Thf.  Elilltric  Cursent. 


of  fresh  metal   on  the  plate  does  not  alter  the  chemical 
con:>titution  of  the  Walter)'. 

\Vc  shall  now  ])roceed  to  describe  some  of  the  batteries 
in  which  attempts,  more  or  less  successful,  have  been  made 
to  diminish  polarisation ;  the  particular  method  adopted 
will  be  iJointed  out  in  each  case. 

T/ie  Daniel/  Battrry  and  its  Modifications. 
The   first  successful   attempt  to    correct  the    evils  of 
polarisation  was  made  by  Professor  Uaniell  in  1836.     The 
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Danicll  cell,  one  type  of  which   is  illustrated  in   Fig.   to, 
consists  of  a  zinc  plate  dipping   into  cillicr  dilute  sulphuric 
acid  or  zinc  sulphate,  and  a  co|ipii   plate  in  a  solution  uf 
copjicr  sulphate  or  blue  vitriol.     The  two  liquids  were  in] 
llic  original  »ell  sc'iarated  by  a  porous  pn     '        '        li/cd' 
earthenware,  but  in  sonic  of  the  s[iciial  iii  -  the 

cell  this  partition  is  removed,  and  the  tliHcrcnce  of  the 
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densities  of  ihe  liiiuids  is  relied  upon  to  kec|)  them  from 
mixing.  The  original  form  of  the  cell  difftrcd  from  tliat 
shown  in  Kig. loin  having  the  containing  vessel  made  ot 
copper,  which  formed  the  negative  pl.ite  ;  this  method  of 
making  the  containing  vessel  one  pole  of  tiie  battery  is 
possible,  because  when  the  cell  is  working  fresh  copper  is 
continually  ilcpositcd  on  the  copper  plate,  which  thus  gradu- 
ally grows  thicker  and  does  not  waste  away.  The  cheapness 
with  which  glass  and  other  containing  vessels  can  be  pro- 
duced has  caused  the  device  to  be  generally  abandoned, 
though  from  time  to  time  a  new  battery  makes  its  appear- 
ance with  its  outer  vessel  forming  the  negative  plate.  In 
Fig.  lo  C  is  the  copper  plate  dipping  into  a  solution  of 
cop|R,'r  sulphate  contained  in  the  stoneware  jar,  J,  and  Z  is 
a  thick,  heavy  nxl  of  zinc  in  a  solution  of  dilute  sulphuric 
acid  or  of  zinc  suljihate  contained  in  a  "  [loroiis  i)Ot "  or 
vcwcl,  P,  of  unglazed  earthenware.  VV  is  a  copper  wire 
round  one  end  of  which  the  zinc  rod  has  been  cast,  and  it 
forms  one  pole,  the  negative  pole,  of  the  b.ittery.  The 
external  junction  of  \V  and  7.  should  always  be  high 
enough  up  to  be  quite  out  of  the  reach  of  the  liquid  in  the 
porous  pot,  P.  A  convenient  clamp  to  use  for  making 
external  connections  is  shown  at  A. 

When  this  cell  is  working,  the  chemical  action  is  a  com- 
paratively simple  one.  The  copper  sulphate  (CuSO,)  is 
decomposed  in  the  outer  vessel,  and  solid  ro])pcr  is  deposited 
on  the  copperplate.  Thecoinjiound  radical  sulphion  (SO,) 
set  free  attacks  a  neighbouring  molecule  of  copper  sulphate. 
Seizing  the  copper  and  Hberating  anoihei  molecule  of 
solphiun  which  attacks  an  adjacent  molecule  of  copper 
sulphate,  and  so  on  until  the  sulphnri<-  mid  is  reached. 
This  in  its  turn  is  attacked  by  suli)liion,  and  the  action 
proceeds  rigiil  up  to  the  zinc  plate,  from  which  the  last 
link  of  sulphion  in  the  chain  of  molecules  that  arc  changing 
partners  sei^e.s  an  atom  of  metallic  zinc  and  lorins  zinc 
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sulphate.  The  above  actions  must  be  regarded  as  taking 
place  simultaneously  all  along  the  line.  The  net  result  is 
that  co])per  is  deposited  on  the  copper  plate,  and  «inc  is 
dissolved  off  the  zinc  plate  ;  the  zinc  sulijlwte  in  the 
sulphuric  acid  hecomcsmore  concentrated,  and  the  solution 
of  copper  sulphate  is  impoverished.  To  keep  the  latter 
solution  u))  to  its  full  strength  sonic  crystals  of  copi)er 
sulphate  should  be  place<l  at  the  bottom  of  the  outer  vessel, 
or,  belter  still,  put  on  a  little  perforated  shelf  just  beiuw  the 
level  of  the  top  of  the  liquid. 

The  K.M.l'".  of  a  Daniell's  cell  is  found  to  vary  from 
f07  volts  to  1  "14  volts,  according  to  the  densities  of  the 
solutions  of  copper  sulphate  and  zinc  sulphate.  A  reference 
to  Table  II.,  page  46,  will  show  that  the  difference  between 
the  heats  of  sul|;hation  of  zinc  and  copper  is  eipiivalenl  to 
an  electric  pressure  of  foy  volls,  a  value  which  lies  between 
the  lunits  just  named.  Increase  of  the  density  of  the  zinc 
sulphate  solution  sliglnly  diminishes  the  E.M.F.  of  the  cell 
whilst  an  increase  of  the  density  of  the  copper  sulphate 
solution  slightly  raises  it.  The  E.M.F.  remains  very  con- 
stant whilst  the  battery  is  working,  for  unless  the  copper 
sulphate  becomes  too  weak  there  ran  be  tittle  or  no 
|)ol.arisation.  since  solid  coi)per  is  de[iosite(l  on  the  copper 
plate  and  the  chemical  constitution  of  the  battery  remains 
unchanged.  This  cell  is  therefore  one  in  which  an  citilro- 
(hcmical  iiulhod  is  adopted  to  get  rid  of  polarisation, 
bliould  the  copper  sulphate  solution  become  too  dilute, 
the  water  may  be  decomposed  and  hydrogen  deposited  on 
the  copper  plate ;  hence  the  necessity  for  having  a  supply 
of  crystals  of  copper  sulphate  in  the  solution. 

The  inteninl  resist.ince  of  the  cell  depends  very  largely 
upon  tlie  resistance  of  the  porous  pot ;  it  seems  to  be 
nu|Kissible  to  manuracturc  these  pots  of  uniform  resistance, 
pots  made  from  the  same  niatetiala  aud  baked  at  the  sane 
linie  sliowmg  Urge  vRruitions  in   their  resistance.      1'he 
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resistince  of  a  \>ox  7  inches  high  and  about  2.}  inches  wide 
of  the  type  shown  in  Fig.  10,  may  vary  from  ^  to  1-5 
ohms.  In  the  rells  used  hy  the  Post  Office  the  resistance 
is  al)out  2 '5  ohms. 

Mftiiifitd  DanielPs  Cflls  wilhnnl  a  Porous  Diafhnnrm. — 
Many  modifications  of  the  Daniell's  cell  have  been  devised 
in  which  the  internal  resistance  is  reduced  by  dispensing 
with  the  porous  diajihraj^m. 
As  already  mentioned,  the 
difference  in  the  densities  of 
the  zinc  and  copper  suI|)h;Ues 
are  relied  upon  to  keep  the 
copper  sulphate  from  reaching 
the  zinc  plate,  but  this  device 
is  accompanied  with  the  draw- 
hack  that  the  icll  must  not  be 
roughly  moved  about  or  the 
will  be  mechanicallv 
One  of  these  modifi- 
ihe  I.ockwood  cell 
Fig.   II.      In   this 


IS 

in 


liquids 

mixed. 

cations 

shown 

cell    the    zinc    plate,    Z,    is 

sha|)ed  somewhat  like  a  heavy 

wheel   with   thick   spokes  and 

rim,  and  is  suspended  from  the 

top  of  the  vessel  by  the  three  arms,  a  a  a  ;  it  is  surrounded 

with  a  solution  of  zinc  sulphate.     The  copper  plate  consists 

of  two  spirals  of  stout  copper  wire  ;  one  of  these  is  seen  nt 

S,  and  the  other  lies  on  the  bottom  of  the  cell.     These 

plates  are  connected  by  a  copper  wire,  and  between  them 

are  crystals  of  copper  sulphate  ;    from    the   up|)er  one   a 

copper  wire  insulated  with  gutta-percha  is  leil  up  through 

the  li(|uid  to  form  the  external  positive  eleclrcKlc,  C.     The 

cell  is  about  1 1  inches  high  and  5 A  inches  wide. 

In  the  Meidinger  cell,  shown  in  Fig.  12,  the  copper  plate 
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also  consists  o(  a  spiral  of  copper  wire,  S,  but  this  is  |>ut  al 

the  bottom  of  a  smaller  glass  vessel  placed  inside  the  outer 

I'ontaining  vessel  of  the 
tell.  Into  the  mouth  of 
this  tumbler  the  neck  of  an 
inverted  flask,  !•',  is  inserted, 
and  this  iiask  is  tilled  with 
crystals  of  copper  sul- 
phate. The  zinc  plate,  Z, 
which  is  rylindric,  rests 
upon  a  shelf  formed  by 
making  the  lower  jiart  of 
the  outer  vessel  of  smaller 
diameter  than  the  upper 
part.  An  insulated  wire, 
C,  is  brought  up  from  the 
cojiper  spiral  and  forms  the 
positive  pole  of  the  cell, 
whilst  a  similar  wire,  Z', 
attached  to  the  zinc  cylin- 
der above  the  level  of  the  liquid,  is  the  negative  terminal 

or  pole. 

The    last   modificalion 

we   shall   describe  here  is 

the  Calland  cell,  which  was 

developed   from    the    Mei- 

dingcr  in    iS6i.      In  this 

cell     the     cylindric     zinc 

plate  either  hangs  from  (he 

upper  edge   of    the   outer 

vessel,  as  shown  in  Fig.  13, 

or  rests  upon    a    .shelf  as 

in    the    Meidingcr.     The 

1    .        •  -.1  Kig.  13.— The  t'alUnd  Cell. 

copjicr   plate    is    either    a 

spiral    of  sheet  copper  or  a  short  cop|  er  cylinder  placed 


Fig.  la.— Th:  Meiililigcr  Cell, 


TlIK    D.W'lEl.r.    PATTERy. 


5.^ 


resistmce  of  a  pot  7  inches  high  and  about  i\  inches  wide 
of  the  type  shown  in  Pig.  10,  may  vary  from  ^  to  1-5 
ohms.  In  the  cells  used  by  the  I^st  Office  the  resistance 
is  about  2's  ohms. 

Modified  DanielPs  Ctlh  icithoiif  a  Ponnts  Diaphragm. — 
Vfany  modifications  of  the  Oaniell's  cell  have  been  devised 
in  which  the  internal  resistance  is  reduced  by  dispensing 
with  the  porous  diaphragm. 
As  already  mentioned,  the 
difference  in  the  densities  of 
the  zinc  and  C(i|ipcr  sul|)hates 
are  relied  upon  to  keep  the 
copper  sulphate  from  reaching; 
the  zinc  plate,  but  this  devicr 
is  acconipanicfl  with  the  draw- 
back that  the  cell  must  not  be 
roujrhly  moved  about  or  the 
1i'|ui<ls  will  be  meclinnicnllv 
mixed.  One  of  these  modifi- 
cations is  the  Lock  wood  cell 
shown  in  Fig.  11.  In  this 
cell  the  zinc  plate,  Z,  is 
sha]>ed  somewhat  like  a  heavy 
wheel  with  thick  spokes  and 
rim,  and  is  suspended  from  the 
top  of  the  vessel  by  the  three  arms,  ana:  it  is  surrounded 
with  a  solution  of  zinc  sulphate.  The  copper  plate  consists 
of  two  spirals  of  stout  copper  wire  ;  one  of  these  is  seen  .it 
S,  and  the  other  lies  on  the  l>ottom  of  the  cell.  These 
pl.Ttes  are  connected  by  a  copjier  wire,  and  between  them 
are  crystals  of  copper  sul[)hate  ;  from  the  upper  one  a 
copper  wire  insulated  with  gutta-percha  is  led  up  through 
the  liquid  to  form  the  cxlcrn.il  positive  electrode,  C-  The 
cell  is  about  1 1  inches  high  and  5^  inches  wide. 

In  the  Mcidingerccll,  shown  in  Fie.  i?,  the  copper  plate 


Fig.  11.— The  Lockwood  Oil. 
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wooden  tray  rests  upon  l)locks  supjwrted  by  the  zinc  of  th 
cell  below,  and  thus  the  battery  is  built  up,  the  zinc  of  eac 
cell  l)ein^;  ronnected  by  straps  of  lead  to  the  lead  lining 
the  wooden  tray  above  it.     The  cells  have  to  be  set  uj 
where   they   are   to   be  used,   as   they  are   olwously   nc 
portable  without  taking  to  pieces.     They  must  be  carefully 
levelled  so  that  when  the  liquids  are  poured  in  they  cove 
the  plates  evenly.     Water  or  a  zinc  sulphate  solution 

poured  into  the  parcB 
ments  surrounding  th 
zincs,  and  copper  sulphnti 
is  poured  into  the  out« 
trays.  On  account  of  tb 
large  surfaces  of  the  platea 
the  internal  resistance 
this  form  of  Daniell's  ce 
is  low,  and  it  i.s  capable 
giving  a  fiirly  steady  rur-"" 
rent  for  a  considerable  time. 
It  was  used  in  cable  tele- 
graphy for  driving  th 
elcctro-magnetir  motor 
some  early  forms  of  th 
syphon  recorder. 
A  modification  of  the  Daniell's  cell,  very  useful  whe 
the  battery  has  to  be  moved  about,  or  where  it  has  to 
left  foi  long  intervals  without  attention,  is  Minotto's  (Je 
(Kig.  15}.  In  this  cell  the  jtorous  diaphragm  of  t^ 
onlinary  D.aniell  is  replaced  by  sand  or  sawdust,  C  is  ifi 
copper  plate  which  lies  at  the  bottom  of  the  cell,  and  ha 
attached  to  it  a  flat  strap  or  a  wire  of  copper  covered  with 
guttapercha  and  led  up  itirough  the  cell  to  the  outsid* 
where  it  is  the  positive  pole.  On  the  lop  of  this  copper  plafl 
is  a  thick  layer,  CS,  of  crystals  of  copper  sulphate,  which  a^ 
setwrateil  from   the  s.ind   or   s.iwdiist  tlint    lie-;  .iliovc  thr 
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[bylhcthin  canvas  sheet,  f.  On  the  top  of  this  sand  or 
sawdust  is  placed  another  thin  canvas  sheet,  t,  on  which 
rests  the  hea\7  /inr  plate,  Z,  cast  with  a  column  nf  zinc 

,  rising  from  its  centre,  to  the  top  of  which  is  attached  the 
hrass  binding  screw,  B.  Before  the  sand  or  sawdust  is  put 
in,  it  should  be  dani]>ed  with  solution  of  zinc  sul[)hate,  and 
after  the  cell  has  been  made  up  as  above  described, 
additional  zinc  sulphate  solution  is  poured  in  until  it  just 
covers  the  Hat  part  of  the  zinc 

f  plate.  Sand  is  most  suitable  for 
stationary  cells,  and  snwdust  for 
those  which   have  to  be  moved 

UlKiut.  This  cell  is  used  for 
Telegraphy  in  India. 

Another    form    of    Daniell's 

[cell  will  be  described  when  we 

'arc  discussing  cells  suitable  for 

,  siand:)rds   of  RM.K.    {sec  page 

1 405). 

Nitric  Add  naileries. 
In  these  batteries  polarisation 
lis  prevented   by  surrounding  the  1  ,.,,_.-_,,„,,, cdi. 

[negative  element  of  the  cell  with 

[strong  nitric  acid,  which  is  a  powerful  oxidiser,  Con- 
[se<|uently,  when  the  battery  is  working,  the  hydrogen  which 
[otherwise  would  be  deposited  on  the  negative  plate  is 
[oxidised,  and  forms  water.  The  two  best  known  and  most 
■used  batteries  of  this  tyiu;  are  Clrove's  and  Bunsen's. 

Griwe's  CeU.—A  modern  and  compact  form  of  this  cell 

[is  shown  in  Fig.  16.     The  zinc  plate,  Z,  is  bent  into  a  U 

[shape,  and  a  narrow  porous  pot,  A,  rests  in  the  bend  of  the 

U  ;  inside   the    porous   pot  is  a   thin  ///»//«///«    plate,  I', 

xurrounded  by  $troiig  nitric  adit.     This  plate  is  the  negative 

[element,  and  thus  replaces  the  copper  of  the  Daniell's  cell. 
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The  outer  vessel  is  fre<iueiuly  made  of  thin  ebonite,  which 
is  much  lighter  than  glazed  earthenware ;  it  contains  the 
solution  of  dilute  sul|)huric  acid,  in  which  the  [)Ositivc  zinc 
plate  is  immersed.  The  advantages  of  this  cell  are  that 
it  has  a  ///s.^/  E.M.F.  of  about  r93  volts,  and  a  l<nv  inlernal 
resistiiHCf,  which,  in  a  cell  having  tiie  form  and  dimensions 
shown  in  the  figure,  may  be  as  small  as  o'i5  ohm.  A 
battery  of  these  cells  is  therefore  capable  of  producing  a 
powerful  current,  and  such  batteries  were  much  used,  before 
the  dynamo  was  developed,  for  f)roducing  tiic  electric  arc- 
light,  especially  for  lecture  purposes.  As  the  battery  works, 
however,  the  current  fdls  off,  both  because  of  the  weakening 
of  the  nitric  acid  and  the  replacement  of  sulphuric  acid  by 
zinc  sulphate.  The  price  of  tlic  platinum  plates,  moreover, 
makes  the  first  cost  heavy.  The  action  of  the  cell  is  that  of 
the  ordinary  voltaic  couple  already  explained,  with  the 
exception,  however,  that  the  polarising  hydrogen  is  oxidised 
by  the  nitric  acid.  Hence  arises  the  greatest  disadvantage 
of  the  cell ;  in  oxidising  the  hydrogen  the  nitric  acid  is 
decomposed,  and  fioisonous  nitrous  funics  are  evolved.  A 
Grove's  battery  should  therefore  always  be  placed  either  in 
the  open  air,  or  in  a  cupboard  connected  with  a  Hue  or 
shaft  in  which  there  is  a  strong  exhaust  draught. 

liiiHsen's  Cell.  —  Bunsen  reduced  the  prime  cost  of  the 
Grove's  cell  by  replacing  the  expensive  platinum  by  a  block 
of  hard  gas-coke  or  carbon,  but  the  compactness  of  the  cell 
suffered  by  the  change  Fig.  1 7  shows  the  usual  form  of 
this  cell.  The  rylindric  zinc  plnte,  Zn,  and  the  dilute 
sulphuric  acid,  are  contained  in  the  outer  vessel,  and  the 
carbon  block,  C,  with  the  strong  nitric  acid,  is  inside  the 
porous  pot.  A  difficulty  is  sometimes  experienced  in  getting 
good  contact  with  the  carbon  block,  but  this  should  be 
accomplished  with  the  clamp  shown  in  the  figure.  The 
clamp  which  is  shown  attached  to  the  zinc  is  fur  ih 
of  joining  it  to  the  carbon  of  the  next  cell  in  (nittinu 
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a  batter)'.  A  somewhat  diflTcrcnl  kind  of  clamp  for  the 
cnrbon  is  shown  at  A,  and  the  corresponding  one  for  ihe 
jrinc  at  H.  'I'hese  arc  drawn  to  a  l:jrger  scale  ;  with  them 
the  connections  from  cell  to  cell  can  be  made  with  ordinary 
wire.  The  chemical  action  of  the  cell  is  the  same  as  that  of 
the  Grove's  cell,  but  the  K.M.F.  is  a  little  less,  and  the 
resistance  is  greater.     It  thus  possesses  all  the  disadvantages 


l'.,.nu-n'-  Crll. 


of  the  Grove  s  cell,  without  die  corresponding  advantages 
to  the  same  deijrcc. 


Hiiiirouuxic  or  Clnnmic  A{iii  Battdits. 

Tlie  inconveniences  arising  from  the  nitrous  fumes  given 
off  when  ninic  acid  is  used  as  an  oxidiser,  are  avoided  by 
suI>sLituting  either  bicliromatc  of  |)otash  or  chromic  acid. 
So  convenient  has  the  former  of  these  li(]uids  proved  to  be 
for  this  pur|)ose  thai  imnierous  batteries  have  been  in- 
vented, only  differing  from  one  another  in  the  proportions  of 
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bkhroinate  of  jjotash  in  the  depolarising  solution  and  in 
the  addition  sometimes  of  other  materials.  For  ordinary 
working  the  bichromate  solution  may  be  made  as  follows  : — 
Carefully  and  slowly  add  half  a  pint  of  strong  sulphuric 
acid  to  nine  ounces  of  well-powdered  crystals  of  potassium 
bichromate  ;  when  the  reaction  is  complete  and  the  mass 
has  cooled  down  add  slowly  5?.  iiinis  of  water.  The  water 
will  dissolve  all  the  solid  matter,  and  the  final  product  will 
be  a  richly  coloured  acid  solution  of 
potassium  bichromate. 

In  all  the  usual  forms  of  bichromate 
cells  the  positive  and  negative  [ilates  are 
of  zinc  and  carbon  respectively.  These 
are  sometimes  contained  in  a  single 
vessel,  as  in  the  well-kuown  "bottle" 
form  of  cell  seen  in  Fig.  18.  The 
/iiK  plate,  /„  is  attached  to  a  brass  ro<l. 
(7,  which  slides  in  a  cr)llar  ;  this  collar  is 
connected  by  a  strip  of  brass  on  the 
ebonite  cover  to  the  binding  screw,  A, 
which  is  the  negative  terminal  of  the  cell. 
Two  flat  strips  of  carbon,  K  K,  arc 
placed  one  on  cither  side  of  Z,  and  are 
connected  with  one  another  and  the 
other  binding  screw,  B,  which  is  therefore 
the  positive  terminal.  The  solution  used  is  that  just 
described,  but  as  this  solution  acts  uf)on  the  zinc  when  the 
battery  is  idle,  it  is  nec:cssarj^  at  such  times  ty  raise  the  zinc 
plate  by  the  ro<),  a,  until  it  is  clear  of  the  liquid.  A  clamping 
screw  on  the  collar  enables  it  to  be  fixed  in  the  raised 
position. 

In  order  to  avoid  the  necessity  of  raising  the  zinc  plate 
out  of  the  li(iuid  when  the  cell  is  not  in  u.sc,  a  porous  pot  is 
frequently  employeil  to  contain  the  /.inc  .is  seen  in  Fig.  i  <j, 
•vhich  rcpresenti  Fuller's  modification  of  the  bichromate  cell. 


fie.  18.— Tlir  Orencl  ftr 
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The  zinc,  Z,  is  a  solid  block  of  metal  cast  on  lo  a  well- 
anialgaiuated  copper  rod  ;  this  stands  in  a  porous  jar,  at  the 
bottom  of  which  is  placed  a  small  quantity  of  mercury, 
which  kee[)s  the  zinc  well  amalgamated.  The  liijuid  in  the 
I<oroiis  jar  is  usually  dilute  sulphuric  acid,  but  a  solution  of 
common  table  salt  is  sometimes  eni[)loyed  instead.  In  the 
Lititr  case  the  dissolution  of  the  zinc  gives  zinc  chloride 
instead  of  zinc  sulphate.  The  outer  vessel  contains  the 
carbon  plate,  i/,  dipping  into  an  ordinary  bichromate 
solution. 

The  li.  M.F.  of  a  bichromate  ceil 
is  higher  tiian  that  of  a  Grove's  or 
Bunsen's,  being  a  little  above  2 
Volts,  and  this  E.M.F.  is  fairly 
steady  when  only  small  currents  are 
taken  from  the  battery.  If,  however, 
large  currents  are  used,  the  E.M.F» 
falls  off  somewhat  rapidly,  but  re- 
covers itself  after  a  ]jeriod  of  rest. 
The  resistance  of  the  liotile  form  is 
small,  because  of  the  absence  of  the 
porous  i)ot,  but  the  resistance  of  •■"'« 
Fuller's  and  similar  forms  is  about 
the  Siime  as  that  of  a  Bunsen's  cell  of  the  same  size. 

When  the  bichromate  solution  becomes  exhausted,  its 
colour  changes  from  a  rich  orange  to  a  deep  blue,  and  as  soon 
as  this  change  is  obseived,  the  solution  should  be  renewed. 


19.— Fuller's    Ricbromate 
CeU. 


The  Leclandu  Cell. 

In  this  cell,  which  is  perhaps  more  widely  used  than 
any  other  for  most  ordinary  purposes,  with  the  exception  of 
telegraphy,  the  chemical  method  of  preventing  polarisation 
IS  employed,  but  the  miner.^1  pyrolusite,  /.«■.,  manganese 
dioxide,  is  the  oxidiser,  instead  of  nitric  acid  or  bichromate 
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of  potash.      This  mineral  rcidily  parts  with  some  uf  its 
oxygen,  being  reduced  to  a  lower  oxide  of  manganese. 

The  ceil  is  illustrated  in  Fig.  20,  and  consists  of  an 
outer  square  or  rectangular  glass  vessel  with  an  indentation 
in  the  neck  at  \  for  the  rece[)tion  of  the  positive  clement,  a 
/-inc  rod,  Z.  'i'he  negative  element,  a  carbon  plate,  C,  stands 
in  a  porous  pot,  in  which  the  remaining  space  is  packed  up 
tightly  with  a  mixture  of  small  pieces  of  gas-coke  and  man- 
ganese dioxide.  The  function  of 
the  porous  pot  in  this  case  is  not 
to  separate  two  liquids,  but 
merely  to  afford  a  mechanical 
support  to  the  above  mixture 
There  is  only  one  li(|uid  used 
in  the  cell  —namely,  a  saturated 
solution  of  sal-ammoniac  (chlor- 
ide of  ammonium),  which  is 
placed  in  the  outer  vessel,  and 
slowly  percolates  through  the 
porous  pot.  The  latter  is  closed 
nt  the  top  with  pitch,  in  which  a 
small  hole  is  left  so  that  a  little 
water,  or  sal  ammoniac  solution, 
may  be  |ioured  in  to  increase 
the  initial  conductivity  and  start 
the  action  of  the  cell.  The  upper  part  of  the  carbon  plate 
is  well  soaked  in  jwmttinwax,  and  has  a  lead  cap  cast 
ujjon  it,  to  which  connection  is  M>ade  by  means  of  the 
terminal  screw  shown. 

When  the  cell  is  working,  the  /inc  is  dissolved,  forming 
/.UK    chloride,  and  ammonia  gas  is  set  free  ;  the  i«olarising1 
hydrogen,  wlud>  would  otherwise  be  deposited  on  tlie  larbun 
plati',  is     ■  ■      ■  ■ 

dioxidt  i  , 

quioxide.    The  E.M.I"'.  is  i'47  v^ltSf  '>ut  falLs  otJ  rapidly  whcr 
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the  tell  is  used  10  send  a  current ;  it,  however,  very  (juickly 
recovers  wlien  the  reli  is  standing  iille,  and  it  is  this  (|uick 
recovery,  combined  with  tiie  absence  of  noxious  fumes,  and 
ihe  small  amount  of  attention  required,  that  makes  the  cell 
so  useful  for  intermittent  purjioses,  such  as  the  ringing  of 
electric  bells.     The  internal  resistance  is  from  4  to  10  ohms. 

To  diminish  the  resistance  introduced  by  the  use  of  the 
{lorous  pot  Leclanche  invented  a  form  of  negative  element 
and  depolariser  combined,  in 
which  the  stiffness  which  would 
enable  the  latter  to  stand  with- 
out support  is  procured  in  the 
following  way.  The  mixture  of 
gas-coke  and  [)yrolusite  is  iir.- 
prcgnated  witli  gum  and  kei)t 
for  some  time  at  the  tempera- 
ture of  Ixiiling  water,  whilst 
subjected  to  a  pressure  of  about 
4,000  lbs.  on  the  square  inch. 
A  little  ])otassium  hydrogen 
sulphate  (bisulphate  of  potash) 
is  also  diffused  through  the 
mixture,  and  is  found  to  assist 
the  solution  of  the  zinc  salts. 
In  this  way  a  hard,  compact  mass  of  depolarising  material 
is  produced,  which  can  be  strapped  to  the  carbon  plate 
with  indiarubber  bands,  as  seen  in  I'ig.  21,  where  a  a 
are  the  dc|)olarising  plates.  This  form  is  known  as  the 
Agglomerate  I.eclanrhe.  The  zinc  rod  in  the  nindilkation 
figured  is  held  in  ])osition  by  the  same  rubber  straps 
Uiat  bind  the  plates,  a  it,  to  the  carbon,  and  is  kei)t  from 
ooraing  into  contact  with  these  plates  by  a  block  of  wotxl. 
Tlie  resistance  of  such  a  cell  is  much  less  than  the  ordinary 
Leclanche,  but  the  agglomerate  plates  slowly  disintegrate. 

Various  other  modilicalion.s  of  this  cell  have  appeared 
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from  time  to  time,  but  the  original  porous  pot  form  of  Fig. 
1 8  is  still  largely  used.  Three  diflerent  sizes  (Nos.  i,  2, 
and  3),  varying  in  height  from  4I  to  6  inches,  are  usually 
manufactured. 


Primapy  Batteries  for  Electric  Ligrhtingr. 

'I'he  cmi)loyment  of  [irimary  batteries  for  the  production 
of  the  electric  light  offers  the  great  advantage,  that  their  use 
dispenses  with  the  noise  and  dirt  which  accompany  the  em- 
ployuK-nt  of  steam  or  gas  engines  and  dynamos,  and  that 
their  supervision,  when  properly  planned,  does  not  call  for 
the  cunslitnt  attention  required  by  moving  machinery. 
There  is,  howe\cr,  the  great  drawback  that  the  fuel  used  is 
expensive,  for  in  all  practical  primary  batteries  hitherto 
devised,  the  energy  of  the  current  is  derived  from  the 
oxidation  of  zinc,  in  exactly  the  same  way  as  in  the  batteries 
We  have  just  described,  .\ltempts  have  been  m.ide  from 
time  to  time  to  use  chca])er  metals  such  as  iron,  but  the  use 
of  the  latter  introduces  further  disadvantages  which  are  not 
present  in  ziuc  cells;.  On  the  other  hand,  when  a  dynamo 
machine  is  used  to  generate  an  electric  current,  the  energy, 
iis  we  shall  see  later  on,  is  primarily  obtained  cither  from 
the  combustion  of  coal,  coal-gas,  or  jx-trolcvim,  and  trans- 
mitted to  the  dynamo  through  the  medium  of  an  engine,  or 
from  a  stream  of  water  wh<ise  energy  is  transmitted  to  the 
dynamo  by  a  turbine  or  water-wheel.  l,ca\ing  the  latter 
case  out  of  coasideration  for  the  present,  ;is  being  somewhat 
less  comraoa,  we  have  to  comi)are  the  cost  of  energy  derived 
from  burning  zinc  with  that  derived  from  burning  carbon  in 
some  one  or  other  of  its  forms.  Now  the  cost  of  t  lb.  of 
zmc  m.ty  be  taken  ns  ajd.,  whilst  i  lb.  of  coal  at  12s.  6d. 
per  ton  only  costs  o"07d.,  aud  thus  the  prime  cost  of  iinc  is 
about  35  tmies  liut  of  coal.  Then,  again,  1  lb.  of 'inc  only 
yields  by  oxidation  about  i^th   of  the  energy  that  carbon 
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on   complete   oxiilaliun.      'I'his   nukes   the   energy 
rived  from  zinc  about  210  limes  as  costly  as  tliat  derived 
from  coaL     On  the  other  hand,  a  steam  boiler  and  engine 
are  exceedingly   wasteful    means   of  transforming   energy, 
much  of  the  energy  obtained  from  the  combustion  of  the 
fuel  escaping  up  the  chimney  and  in  other  ways.     If  we 
■suppose  that  about  8  per  cent,  of  the  energy  of  the  coal  is 
eventually  converted  into  electric  energy  by  the  dynamo,  the 
relaiisx-  cost  of  zinc:  and  coal  is  reduced  to  about  1 7  to  i, assum- 
ing that  all  the  energy  of  the  zinc  is  usefully  available,  which  is 
I  not  the  case,  because  of  the  unavoidable  internal  resistance 
I  of  llie  battery.     The  above  argument  deals  only  wiih  one 
asi>ect  of  the  question,  and  does  not  take  into  account  the 
greater  cost  of  attendance,  and  jirobalily  greater  first  cost  in 
I' the  case  of  the  boiler,  steam  engine,  and  dynamo.     There  is 
also  the  further  consideration,  much  relied  upon  by  a  certain 
class  of  inventors,  that   the  Hnal   products  from  a   primary 
battery  consist  of  materials  that  still  have  a  market  value. 
Up  to  the  present,  however,  no  scheme  has  been  tried  upon 
[a  large  scale  in  which  these  products  have  been  systematically 
I  collected  and  placed  upon  the  market,  and  it  seems  more 
I  than    probable   that   the  cost  of  collection  and   treatment 
I  would  be   so  great  as  to  render  any  profit  from  this  source 
I'almo.st,  if  not  quite,  a  vanishing  quantity. 

Klectrically,  the  drawbacks  of  a  primary  battery  that  is 

Jrcqiiired  to  furnish  a  heavy  current  arc  the  low  K.M.F.  and 

Jarge  internal  resistance  of  the  individual  cells.    The  former, 

Iwhich,  as  we  have  already  seen,  cannot  much  exceed  2 

[volts,  renders  it  necessaiy  to  employ  a  lairly  large  number 

[of  cells  in  order  to  bring  up  the  electric  pressure  to   that 

[required  for  the  glow  or  arc  lamps  in  ordinary  use.     The 

internal  resistance  has  practically  the  same  effect  in  diniinish- 

the  available   pressure,  as  part  of  the  total  EM. F.  has 

lo  Ik-  employed  in  driving  the  current  through  this  internal 

esifttancc,  thus  reducing  the  external  pressure,  and  rendering 

F 
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hlill  Jiiorf  (.lIIs  necessary  lo  bring  up  tli.U  i)rcssiire  lo  the 
required  value.  Anolhcr  evil  caused  by  internal  resistance 
is  the  varyin:^  external  pressure  of  the  battery  for  iliflerenl 
currents,  because  with  small  currents  llie  eflett  of  tiie 
internal  resislance  is  less  marked  than  with  large  currents. 
We  shall  return  to  this  point  again  (s(t  page  289). 

Other  drawlucks  connected  with  ])riniary  batteries  are 
those  incidental  to  the  use  of  corrosive  liquids,  the  necessity 
for  specially  trained  attcnd.ints,  and  the  annoyance  caused 
by  noxious  fumes  ;  but  these,  and  some  other  nunor  matters, 
are  not  necessarily  inherent  in  the  method,  and  may  be  and 
have  been  mure  or  less  successfully  overcome  by  careful 
design  and  attention  to  details. 

With  the  above  disadvantages,  both  fundamenud  anil 
accidental,  against  lliem,  it  is  not  surprising  that  primary 
batteries  have  not  as  yet  been  extensively  employed  for 
illumiiiaiing  and  other  purposes  which  require  heavy 
currents.  Still,  there  are  cases  in  which,  even  at  a  some- 
what enhanced  cost,  the  [irimary  batter)-  may  Ije  preferred, 
with  its  ijuietness  and  cleanliness,  to  its  noisier,  dirtier,  and 
chcaiier  rival.  Innumerable  inventors  have  done  their  best 
for  it,  the  favourite  form  being  some  modification  of  the 
bitliromale  battery.  But  n(}  battery  has,  up  lo  the  present, 
attained  such  a  measure  of  success  m  this  direction  as  to 
justily  ii'.  in  il.-voting  spjice  to  a  description  of  it 


Secondary  Batteries  or  Aooumulators. 

In  dealing  with  the  chemical  j)roduction  of  the  current 
by  primary  battcri-.;s  we  have  frequently  h;id  to  refer  lo  the 
evil  effects  of  the  polarisation  of  the  plates  of  the  <ells  when 
currents  arc  generated,  and  much  of  our  space  was  oc- 
cupied with  descriptions  of  various  devices  for  overcoming 
the  evil.  We  |)ointed  out  that  the  trouble  vvas  due  to  a 
fundamental  property  of  the  electric  current,  namely,  iha« 
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FCT  II    |).isscd  from  a  solid  to   a   licjuid    ulectrolyiic 
condiKlor,    or    vice    vi-rsii,    the    liiiiiid    was    decomposed. 
The  produi  ts  of  decomposition  either  adhere  to  or  remain 
in  the  neii;hbourhood  of  the  incoming  and  outgoing  con- 
ductors, and,  especially  in  the  rase  of  the  latter,  oppose  the 
])assag<-    of  the  current  by  setting  up  a  counter  or   back 
electromotive  Ibrcc.     In  the  case  of  a  primary  battery  this 
back  electro-motive  force  is  so  much  deducted  from  the  total 
'available  electro-mntive  force  of  the  current  generator.     But 
the  incoming  and  outgoing  conductors,  technically  called 
lite  electrodes,  may  be  ])latC'S  of  similar  material  dipping  into 
the  liquid  conductor.     In  this  case  the  arrangement  before 
[a  current  is  passed  through  it  does  not  fulfd  the  conditions 
\(iee  page  49)  necessary  to  constitute   a    primary   battery, 
ffor  there  is  no  resultant  E.  M.F.  in  the  combination.     But 
■  If,  owing  to  the  above-mentioned  property  of  the  current, 
the   |)roducts   of  decomposition  are  such  as  to  alter  the 
character  of  the  surfaces  exposed  by  the  electrodes  to  the 
liquid,  then,  when  the  current  is  stopped,  this  altered  con- 
dition of  the  electrodes  may  persist  for  a  longer  or  shorter 
I  interval.      During   this  time  the  apparatus  will  be  similar 
to  a  primary  battery,  in  that  it  will  consist  of  two  different 
[conducting   surfaces   immersed    in   a  liquid    that   can   act 
[chemically  upon  them.     These  surfaces  will  l)e  at  different 
[potentials  just  as   in  an  ordinary  cell,  and  the  arrangement 
I  will  possess  a  resultant    K.M.l-'.  due    to   the    polarisation. 
If  now    the    electrodes    be    connected    by    an    external 
[conductor,    a   current    will    pass  through    this    conductor, 
i  Obviously    the    K..M.K  of   polarisation    must  be    in  such 
a  direction   as  to   tend    to    stop    the  current  which  jiro- 
[duccd  it,  or  in  other  words,  tend  to  drive  a  current  in  the 
[reverse  direction.     Therefore  when  this  E.M. F.  of  |)oInrisa- 
lion  is  itself  used  to  generate  a  current,  that  current   must 
[pass   through   the  litjuid  in   the  opposite  direction  to  the 
foriginal  current,  and  the  current  will  last  until  the  electrodes 


68 


The  Electkic  Cvkkhmt. 


are  restored  to  their  original  condition  by  the  using  up  of 
the  available  products  of  polarisation. 

As  an  illustnition  of  the  point  under  c  onsicieration,  the 
foUowint;  expcrinicni  may  be  nuuie.  AA  (FiK.  22)  are  two 
Bunsen  or  l)i(  hromatc  cells,  joined  up  as  shown.  The 
|Misilivc  pole,  C,  of  the  buttery  is  connected  to  one  tirminal 
of  a  galvanon)cter  (sef  page  J5J?6),  the  other  terminal  of  which 
is  joined  to  I',  one  ol"  two  platinum  plates,  wliirh  dip  into  a 
vessel,  V,  of  dilute  sulphuric  acid.     'The  other  plnle,  N,  is 
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ronneclrd  lo  one  end  of  a  pivoted  metallic  tongue  or 
switch,  S,  whose  other  end  can  W  placed  cither  on  ihc 
stud  a  or  on  the  stud  b.  The  stud  a  is  joined  by  a  wire  to 
the  negative  pole  /  of  the  battery  .'\,  whilst  the  stud  1*  is 
joineil  to  some  point,  I),  on  the  wire  connecting  C  with  the 
galvanometer.  If  now  the  switch,  S,  lie  placed  on  a,  the 
current  from  the  battery  will  flow  round  the  circuit 
CIX'iI'N.S///.  in  the  direction  indicated  by  the  arrows///. 
The  needle  of  the  galvanometer  (J  will  be  dellecte<l  in  « 
eertain  diiettion,  and  in  the  vessel  V  oxygen  gas  will  W. 
Iil>cratcd  at  the  plate  I',  and  hydrogen  ga«  at  the  plate  N.  The 
greater  jiart  of  these  gases  may  escape  into  the  air,  but  a 
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close  examination  will  show  that  the  surfaces  of  (he  plates  are 
covered  with  ininiile  l)iil)hles  of  gas.  We  therefore  liave  in 
the  vessel  V  no  lonyer  two  clean  pl.aiiuini  plates  opposed 
to  one  another,  but  a  jjlate  of  platinum  coated  with  oxygen 
gas  opposed  to  a  plate  of  platinum  coated  with  hydrogen 
gas.  For  these  two  platus  thus  modified  the  chemical 
affinity  of  the  liijuiil  is  difllrenl.  II  now  we  move  the 
switch  S  over  to  the  contact  b,  we  have  a  closed  conducting 
circuit,  PdU/'SN,  in  which  the  vessel  V  and  its  contents 
areoftlie  nature  of  a  galvanic  cell.  The  galvanometer  (i 
will  he  observed  to  indicate  a  current  in  the  opposite  direc- 
tion lo  the  previous  current,  i.e.,  in  the  direction  of  the 
arrows  sss.  This  current  will  rajmlly  die  away  and  the 
Balvanometer  needle  return  to  zero.  U'hen  this  happens  an 
examination  of  the  |)lates  PN  will  show  that  all  trace  of  gas 
lus  disappeared  from  them  and  that  they  are  in  their 
original  condition.  The  vessel  V  and  its  contents  in  this 
experiment  play  the  part  of  a  seamdary  cell  or  aiaimulalor 
as  it  is  called  ;  it  was  in  the  first  instance  cMargai  by  the 
Iwtter)'  A,  with  the  primary  current //»/,  and  on  this  battery 
being  disconnected  from  it,  it  was  able  lo  give  a  brief  dii- 
(fiarge  or  stcoiiiiary  current  sss  through  the  galvanometer  (1. 
■("here  is  another  way  of  regarding  the  above  experiinent. 
We  have  already  had  occasion  to  draw  attention  to  the 
fact  that  one  of  the  greatest  stores  of  energy  at  our  disposal 
is  the  energy  of  chemical  separation  of  materials  that  have 
a  tendency  lo  combine.  Also  that  if  this  combination  be 
allowed  to  take  place  the  resulting  products  contain  a  less 
stone  of  energy  than  the  original  materials.  On  the  other 
hand,  if  we  restore  the  constituents  of  these  jiroducts  to 
their  original  condition  we  endow  them  again  with  their 
original  energy.  Uut  to  do  this  we  must  supply  energy 
to  them,  and  the  energy  so  su|)])lied  may  l)c  regarded  as 
again  stored  up  in  the  materials  in  the  form  of  energy  of 
rjicmical  separ.ntion.     Nnw  in  the  c.xi>criment  just  described 
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the  oxygen  and  hydrogen  gases  thalapi)ear  at  the  electrodes 
P  and  N  ])ossess  a  greater  store  of  energy,  by  reason  of 
their  seiwration,  than  the  water  which  was  decomposed  in 
their  formation.  This  energy  has  been  supplied  to  them 
through  the  agency  of  the  electric  current,  from  the  energy 
given  out  by  the  battery  A,  and  represents  so  much  energy 
withdrawn  from  the  current  and  rendered  unavailable  for 
other  work,  such  as  heating  the  conductors,  hs,  long  as 
the  gases  remain  adhering  to  the  platinum  plates  the  energy 
of  such  portions  of  the  gases  is,  as  it  were,  still  under  our 
control,  and  can  be  made  available  for  sending  a  return 
current ;  it  was  so  utilised  in  the  experiment  The  energy 
of  the  gases  which  become  detached  from  ilie  electrodes 
and  escajie  into  the  open  air  passes  out  of  our  re.ich  and  is 
lo.sl  to  US. 

We  have  then,  in  the  arrangement  described,  a  method 
of  storing  up  a  part  of  the  energy  of  the  battery  A,  but  a 
little  consideration  will  show  that  it  is  not  an  economical  or 
a  useful  one.  It  is  uneconomical,  because  in  the  process 
we  may  lose  a  great  i)art  of  the  energy  we  wish  to  store  by 
the  escape  of  the  gases  from  the  plates.  It  i.s  not  of  much 
use,  because  the  total  quantity  of  energy  stored  is  not  great, 
and  moreover,  if  we  allow  a  long  interval  to  elapse  between 
the  breaking  of  the  charging  circuit  and  the  closing  of  the 
discharging  circuit,  wu  shall  find  that  a  large  portion  even 
of  this  small  amount  of  energy  has  been  lost  by  still  more  of 
the  gases  becoming  detached  from  the  plates. 

But  the  ex|>eriment  illustrates  a  principle  which,  under 
oihei  conditions,  has  been  ilevelopcd  so  as  to  provide  us 
with  a  method  of  storing  energy  which  is  extremely  useful 
and  convenient,  and  at  the  same  time  fairly  economical. 
It  is  at  once  evident,  that  for  these  results  to  be  ubtamed 
the  pro<lucts  of  decom|K>sition  during  charging  must  neither 
be  g.iscs  nor  soluble  in  the  litjuid  contained  in  the  vessel 

V       till  t     \\'\\\    ili.li    ninri'    fir     li'-.*;    fii-rrcfllv     r.  iii:iiii    on     ih. 


Historical  Notes. 


plates  P  and  N  as  they  are  formed,  and  to  the  extent  to 
which  this  condition  is  observed  may  we  expect  to  find  that 
the  energy  spent  in  the  decomposition  during  the  time  of 
charging  is  available  for  supplying  energy  in  the  form  of  the 
electric  current  of  discharge.  Modern  secondary  balUrUs  or 
so-called  accimwlators  are  simply  arrangements,  more  or  less 
perfect,  for  fulfilling  the  conditions  thus  hrietly  indicated, 
and  a  little  consideration  will  show 
that  these  slomgc  hatleries  do  not  store 
electricity,  as  is  popularly  supposed, 
but  only  energy  of  chemical  separaiio:i 
in  a  form  convenient  for  the  jiroduction 
of  an  electric  current.  Before  dcscribin, 
a  few  existing  types  of  these  batteries, 
a  brief  outline  of  the  history  of  the 
subject  may  be  interesting. 

Historical  Notes.— The  fact  that 
the  electrodes  used  in  the  decompo- 
sition of  water  could  give,  on  the  ces- 
sation of  the  current,  a  current  in  the 
opposite  direction,  was  observed  early 
in  the  present  century,  and  Ritter  in 
1803  constructed  a  secondary  pile 
similar  to  A'olta's  pile  (Fig.  5),  but 
with  the  metal  discs  between  the 
moistened  cards  all  made  of  the  same 
material.  This  pile  was  charged  by 
being  connected  to  a  Volta's  pile,  and  on  breaking  the 
charging  circuit  was  able  to  give  a  small  current.  I'ho 
amount  of  energy  stored  was  extremely  small. 

The  first  ap|)liiation  of  the  principle  by  which  a 
moderate  amount  of  energy  wns  stored  was  in  drove's  "('.as 
lialtery  '  (Fig.  23),  invented  in  1839.  Two  long  tubes,  O 
and  H,  filled  with  acidulated  water,  are  inverted  in  the 
stoppered  flask  ;  platinum  wires  a  and  b  are  sealed  through 
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the  closed  ends  of  the  tubes.  The  wires  are  each  attached 
inside  ihc  tubes  to  a  long  strip  of  |ilatiniscd  ]ilatinuni,  and 
outside  ihey  support  two  little  mercury  cups  into  which  the 
conducting  wires  from  n  battery  can  be  dipjHrd.  To  charge 
the  gas  battery  the  wires  of  an  ordinary  galvanic  battery  of 
not  less  than  two  iiunsen's  or  drove's  cells  are  connected 
with  the  meniiry  cups,  so  as  to  send  a  current  in  the 
opposite  direction  to  that  in<iicated  by  the  arrows.  (Ixygen 
gas  is  then  liberated  in  O  and  hydrogen  gns  in  H,  these 
gases  displacing  the  waler  in  the  tubes.  A  larj-e  amount  of 
tlie  gas  liberated  is  ab.norbed  by  the  ijrepaieil  pljlinum 
plates,  but  eventually  the  H  lube  becomes  filled  with 
gaseous  hydrogen,  and  the  charging  circuit  should  then  be 
broken.  The  arrangement  now  consists  essentially  of  plates 
of  oxyj^c-n  and  hydrogen  in  acidulated  water,  and  will 
behave  like  a  galvanic  cell.  If  the  wires  of  a  conducting 
circuit  arc  connected  to  Ihc  mercury  cups,  a  current  will 
flow  through  that  circuit  in  the  direction  of  the  arrows. 
During  the  llow  of  this  i:urrcnt  the  gases  will  be  gradually 
used  uj)  and  the  water  will  rise  in  the  tubes  ;  finally  the 
waler  will  again  fill  the  lubes  and  the  current  will  cease.  Jt 
is  perhaps  interesting  to  notice  in  passing  that  the  battery 
can  be  chaigcd  by  furcini;  oxygen  and  hydrogen,  generated 
by  any  of  the  well  known  methods,  into  the  tubes  O  and  H. 
It  will  also  generate  a  cunenl  when  other  gases  are  used, 
and  Grove  has  given'  a  table  in  which  various  gases  and 
valours  are  arranged  in  a  series  according  to  the  E  M.l''. 
that  they  produce  in  his  lattery. 

(Srove's  gas  battery  remained  little  more  than  a  scieniifi<: 
curiosity,  though  exltemely  interesting  from  the  point  of 
view  ol  theory,  until  d.Tston  ri;mte  took  up  the  subject  in 
1K60,  and  in  a  series  of  extensive  investigations  led  the  way 
along  the  path  which  modern  inventors  have  travclUid  in 
developing  the  battery,     A<;  the  result  of  many 
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exjicrimcnls,  I'lanlc  found  lliut  the  best  metal  to  use  for  the 
electrodes  was  lead,  which  forms  several  oxides,  and  one  of 
whose  |>rinrip>il  s;ilts,  le;id  sulphate,  is  insoluble  in  water 
and  acids.  In  order  to  diminish  as  much  as  possible  the 
internal  resistance  of  his  cell,  Plantd  eventually  adopted  the 
same  principle  that  had  been  employed  l>y  Hare  in  his 
DcHagratur  (Fig.  8),  that  i.s,  he  used  large  sheets  of  metal 
for  his  positive  and  negative  plates,  and  rolled  these  up 
into  a  compact  form  with  insulating  strips  between  them. 
Fig.  24  shows  on  the  right  the  extemled  lead  sheets,  with 


Fig.  34.     Tht  l«aJ  Pbtcs  of  Plonte'l  Cell. 


[ihe  insul.iling  strips,   before  being   rolled  up,  and  on  the 

ilcft  is  seen  the  compact  cylinder   formed   by   these   after 

oiling.     The  sheets  are  0-05  inch  thick,  and  the  in.sulating 

[t>nnds  are  of  indiarubber  i  inih  thick,  the  ijrojecting  lugs 

|tlwt  are  to  form  the  terminals  of  the  cell  being  in  one  piece 

«U«  the  tnelal  sheets.     The  cross  at  the  top  of  the  cylinder 

in  of  ebonite,  and  is  for  the  purpose  of  keeping  the  ]<lates  in 

IKJsition.     The  cylinder  is  next  introduced  into  an  ebonite 

>r  glas.s  vessel  (l-'ig.  25)  containing  dilute  sulphuric  acid  ; 

the  terminal  lugs  (i  and  H,  already  referred  to,  are  brought 

out  and  made  fast  to  the  brass  pieces    M,  and  M  on  the 

Dbonitc  lid     The  cell  is  chaiijcd  by  the  battery  of  two 
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Bunsen's  cells  seen  at  ihe  side,  the  terminals  of  this  battery 
being  joined  to  M,  and  M. 

When  the  current  from  the  primary  battery  is  passed 
through  the  cell,  o.vygen  is  generated  at  the  positive  or 
entering  electrode  and  hydrogen  at  the  negative  one.  The 
oxygen  acts  upon  the  lead  of  the  positive  eleriro<le,  and 
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forms  a  dark  chocolate-coloured  |)eroxi(le  of  lead  on  its 
surface,  whilst  the  hydrogen  simjily  adheres  to  the  negative 
electrode.  The  amount  of  energy  stored  during  this  first 
charge  is  not  very  great,  though  much  greater  than  would 
have  been  sttircd  by  plalinuin  plates,  but  Hlante  showed 
how  the  storjvgc  capacity  may  be  very  largely  increased. 
The  process  Ls  called  formiiti;  the  sect)ndary  battery  or 
nrriimulator.  and  the  object  aimed  at  is  to  (on\-eTt  one  of 
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lead,  and  the  other  into  spongy  lead.  After  the  first 
charging  current,  as  already  described,  has  been  kept  on 
for  fifteen  minutes,  the  cell  is  discharged,  and  recharged  in 
the  mrrse  direction  for  a  slightly  longer  period.  At  this 
second  charging  the  surface  of  the  plate,  which  was  before 
pcroxidised,  is  reduced  to  the  condition  of  spongy  lead, 
and  in  this  condition  exposes  a  much  greater  surface  to  the 
action  of  the  current  The  quantity  of  spongy  lead  formed 
depends  upon  the  extent  to  which  the  oxygen  bit  into  the 
lead  plate  during  the  first  charge  'I"he  cell  is  now  again 
discharged,  .ind  then  recharged  in  the  same  direction  as  at 
first  for  a  still  longer  period.  This  process  of  charging 
alternately  in  opposite  directions  with  intermediate  dis- 
charges is  continued  until  the  time  of  charge  has  reached 
two  hours,  the  charging  current  being  in  all  cases  ke|)t  on 
until  gas  bubbles  rise  freely  from  the  plates.  It  is  then 
left  charged  all  night,  discharged  the  next  day,  and  again 
charged,  this  time  without  reversal.  It  may  now  be  left  for 
eight  days  and  the  process  then  repeated,  and  continued  at 
intervals  extending  over  several  months.  In  this  way  the 
storage  capacity  becomes  enormously  increased ;  but  un- 
fortunately, when  the  chemical  actions  ha\c  extended 
throughout  the  whole  mass  of  the  original  lead  and  llie 
storage  capacity  has  reached  its  maximum,  the  plates  dis- 
integrate and  fall  to  pieces,  as  they  have  during  the  process 
of  formation  lost  .almost  all  mechanical  cohesion. 

The  value  of  I'lante's  work  was  early  recognised,  and 
various  attempts  were  made  to  shorten  the  period  of  forma- 
tion and  to  prevent  the  ultimate  disintegration  of  the  battery. 
The  first  of  these  objects  was  very  successfully  attained  by 
haure,  who,  in  1881,  constructed  a  cell  in  which  the  lead 
plates,  before  i)eing  rolled  up,  were  coated  with  a  paste  of 
red  lead  (Pb,0,),  kejit  in  its  position  by  sheets  of  parch- 
ment and  felt  On  being  placed  in  the  acid  the  red  lead, 
whi^  is  a  compound  of  lead  monoxide  and  lead  peroxide, 
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is  convened  into  lead  sulphate  and  lead  peroxide.  When 
the  charging  nirrent  is  passed  through  the  cell  the  lead 
sulphate  on  the  [lositive  plate  is  converted  into  lead 
[wroxide,  and  tl»e  sulphate  and  peroxide  on  the  negative 
plate  are  reduced  to  spongy  lead.  The  cell  is  thus  com- 
pletely formed  in  a  much 
shorter  time  than  is 
necessary  for  the  ftirma- 
lion  of  a  Plantc  cell. 
Fig.  26  shows  a  pattern 
of  the  Faurc  cell  de- 
signed by  Reynier. 

The  chemistry  of  the 
lead  secondary  battery  is 
not  ijiiile  so  simyjle  as 
would  appear  from  the 
foregoing  remarks,  and  to 
enter  into  it  fully  would 
lead  us  too  far  into 
purely  technical  details. 
I, cjdsulphnle  undoubted- 
ly plays  a  very  important 
{tart  in  the  reactions  that 
take  place.  SjK-aking 
generally,  one  may  say 
that  in  the  i)roces5  of 
charging  lead  sulphate  is 
decomposed,  and  that  during  discharge  it  is  again  formed  ; 
but  simultaneously  other  reactions  arc  in  progre.ss.  The 
formation  sotnelimes  of  a  higher  sulphate  of  lead  than  the 
ordinary  lead  sulphate  is  p.-irticularly  truublcsome,  and  i» 
technically  known  a.s  "  sulplialing." 

It  will  now,  we  hoin;,  i)e  clearly  understood  that  the 
function  of  the  secondary  battery  or  ncrumul.itor  is  to  art 
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transformation  into  the  energy  of  an  electric  current,  and  it 
is  this  function  that  constitutes  its  commercial  value.  The 
electric  energy  given  out  by  a  battery  or  a  dynamo  machine 
ran  be  stored  in  the  accumulator  as  energy  of  chemical 
separation,  and  is  available,  when  required,  for  the  reproduc- 
tion of  current  energy.  In  another  section  of  this  book  we 
shall  have  something  further  to  .say  of  the  advantages  of  this 
system  of  storage. 

Before  proceeding  to  describe  some  of  the  more  recent 
forms  of  accumulators,  wc  must  draw  attention  to  a  point 
connected  with  the  nomenclature  of  the  subject  which  some- 
times causes  confusion.  The  plate  that  is  connected  to  the 
posttivt  pole  of  the  char^iiia  battery  or  dynamo  is  railed  the 
ftdsilht  plate:  when  the  accumulator  is  discharging  this 
plate  .i(  is  in  the  same  way  as  the  negative  jjlatc  of  a 
primary  battery  {see  page  42).  To  avoid  the  confusion  that 
would  arise  from  calling  it  by  different  names  when  charging 
and  when  discharging,  it  is  the  custom  to  call  this  plate 
akvays  the  positive  plate,  and  the  other  the  negative.  As 
the  positive  is  the  plate  on  which  the  peroxide  is  formed,  it 
has  a  dark  brown  or  puce  colour.  The  negalhie  plate,  on 
the  other  hand,  has  a  )^rey  metaltii  a]>pearance.  The 
dilicrenrc  between  this  nomenclature  and  that  of  the 
primary  battery  should  be  carefully  noted.  In  the  ar- 
cunuilator  the  positive  pole  is  metallically  connected  with  the 
so-called  ])ositive  plate,  and  the  negative  pole  with  the 
negative  plate.  Whether  the  cell  be  charging  or  discharging, 
the  positive  pole  is  always  at  a  higher  potential  than  the 
negative  pole. 

Modern  Skcondarv  BAiTERtEs. 

When  the  Faure  secondary  cells  began  to  be  used  for  com- 
mercial purposes  with  large  currents  of  charge  and  discharge, 
certain  inconveniences  in  their  working  manifested  tliein- 
Bclvcs  to  such  an  extent,  th.it  many  practical  men  formed 
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the  opinion  tliai  they  could  never  be  successfully  utilised 
anywhere  hut  in  a  laboratory. 

Prominent  anioi))^si  these  inconveniences  was  the  buck- 
ling or  bending  of  the  plates,  due  to  unequal  expansions  of 
the  material  on  the  two  sides.  Since  the  plates  were  placed 
as  close  as  jxissible  together,  this  bending  frctjuently  resulted 
in  a  positive  and  negative  plate  coming  into  contact  inside 
the  cell,  thus  closing  the  circuit  internally  and  heavily  dis- 
charging the  cell.  Then,  again,  in  some  cells  a  quantity  of 
white  insoluble  material,  chemically  a  sulphate  of  lead, 
sometimes  spread  itself  all  over  the  jjlates,  and  having  a  high 
electrical  resistance,  rapidly  stopped  the  action.  The  use 
of  felt  or  parchment  to  hold  the  peroxide  of  lead  on  the  posi- 
tive plate  had  very  soon  to  be  abandoned,  as  it  <]uickly 
rotted  and  fell  to  pieces  under  the  continuous  action  of  the 
acid.  These  and  other  difficulties  were  faced  by  numerous 
inventors  who,  with  untiring  energy,  set  themselves  the  task 
of  overcoming  them.  The  net  result  is  that  the  storage 
battery  of  to-day  is  a  very  diflferent  thing,  mechanically  and 
electrically,  though  not  chemically,  from  the  battery  as  it 
left  the  hands  of  PlanlJ  and  l-'aure. 

Mechanically,  the  cell  is  more  compact,  lighter,  and  the 
plates  are  better  supported,  and  kept  apart,  and  less  liable  to 
buckle  than  in  the  older  types.  Electrically,  the  internal 
resistance  has  been  considerably  reduced,  and  the  rate  at 
which  current,  and  therefore  energy,  can  be  drawn  from  a 
battery  of  given  weight  has  been  largely  increased.  'I'he 
arr.ingcmenis  for  making  electrical  connection  with  the 
plates,  and  for  insulating  the  battery,  have  been  made  more 
perfect.  It  would  be  wearisome,  and  lead  too  much  into 
technical  details,  to  follow  each  step  of  the  various  improve- 
ments. Wc  pro|tose  instead  to  describe  one  or  two  recent 
forms,  which  Uic  reader  can  com|)are  with  the  earlier  forms 
already  described,  and  we  must  refer  him  to  s]K:cial  works 
on  llie  subject  should  he  desire  to  pirsuc  it  further. 
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The  actual  form  given  lo  any  particular  type  of  roll 
depends  to  sonii;  extent  upon  the  purpose  for  which  it  is 
designed.  'J'hiis  it  may  he  employed  for  house  lighting,  for 
central  station  work,  for  the  traction  of  tram-cars,  for  shop 
lighting,  and  so  forth  ;  each  class  of  work  entailing  some 


Fig.  a/.— K.  i'.  ,>.  A- turfuiintors  lor  Kapi'I  Dlicnar-^cs. 


modification  in  the  construction,  and  frequently  altering  the 
outward  appearance  of  the  cells.  In  all  cases,  however,  the 
various  plates  are  built  up  relatively  to  one  another  in  the 
iitanner  seen  in  Fig.  27,  which  re])re.sents  a  lighting  cell  ol 
the  Electrical  Power  Storage  Company,  the  owners  of  the 
leading  ptitents.     This  celt  is  specially  designed  to  give  high 
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rates  of  discharge.  'I'iic  first  point  to  notice  is  that,  instead 
of  being  formed  from  sheets  of  lead  made  up  into  a  roll,  as 
in  the  early  I'lanlt'  and  Faure  cells,  the  positive  and  negative 
plates  are  perfectly  flat,  and  that  the  cell  is  built  up  of  these 
flat  plates  arranged  alternately  in  the  l>ox  and  facing  one 
another.  The  alternate  plates  arc  connected  together  hy 
suitably  placed  lugs  burnt  into  broad  straps  of  lead,  which 
run  the  whole  length  of  the  cell.  In  this  way  all  the  f>osi- 
lives  are  joined  together  to  form  one  large  jiositive  plate,  and 
all  the  negatives  to  form  one  large  negative  plate  ;  the  two 
sets  of  plates  having  such  a  large  surface,  and  being  so  close 
together,  the  internal  resistance  of  the  cell  is  extremely 
small.  Exjierience  has  shown  that  it  is  advisable  to  have 
the  negative  plates  one  more  in  numliei  tlian  the  positives, 
OS -this  tends  to  prevent  the  disastrous  buckling  already 
referred  to,  Thus  the  two  outside  plates  are  grcyneg.Ttives, 
with  brown-coloured  positives  next  to  them,  and  afterwards 
negatives  and  positives  alternately. 

All  modern  secondary  batteries  for  heavy  work  arc  made 
as  above  described,  but  they  differ  amongst  themselves  in 
the  size,  .shape,  and  weight  of  the  plates,  in  the  positions  of 
the  connecting  lead  straps,  and  especially  in  the  methods 
adopted  {ox  formhif^  the  plates,  and  for  retaining  the  active 
material  in  close  adherence  to  them.  In  Fig.  27  there  arc 
fifteen  positive  plates  which  are  thicker  than  the  negative, 
and  have  two  lugs  on  each  plntc  projecting  upwards  from 
the  top,  and  burnt  into  the  two  thick  straps  of  triangular 
section  which  will  be  seen  running  across  the  to[)  of  the  cell. 
These  straps  are  connected  by  an  inverted  V-shaped  piece 
of  lead  whi<-h  forms  the  positive  terminal  of  the  cell.  As  a 
matter  of  fact,  tlie  positive  plates  hang  from  the  straps,  which 
arc  supported  on  the  tops  of  .some  of  the  negative  |)lates  with 
proper  insulating  material  between.  The  si.\teen  negative 
plates  arc  more  elaborately  connected.     Each  plate  has  four 

III.'.;-    two     projCCUng    horizonlalK.il     tTif     toji    rnrnir.;,     .inc 
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ftwo  vertically  downwards  at  the  bottom  comers.     The  cor- 
respondingly placed  lugs  are  connected  by  lead  straps  which 
.stand  out  quite  clear  of  the  i>ositive  plates.     These  straps 
Norm  a  very  substantial  framework  which   firmly  holds  the 
[negatives  in  their  places.     At  the  left-hand  side  it  will  be 
I  seen  that  the  two  bottom  straps  are  joined  by  a  thick  cross- 
I  piece  of  lead,  to  which  the  negative  tcrininal,  consisting  of  a 
I  broad  flat  piece  of  lead,  is  attached.     ^Ve  must  not  iiei;U<'t  to 
'notice  that   the  bottoms 
of  all  the  plates  are  con- 
siderably above  the  bot- 
|tom    of    the    containing 
vessel.      This  is  import- 
ant,   as     it    allows    any 
laclive     material     which 
may     liecome     detached 
'from    the   jilales    ti>    fall 
away   clear  of  them  ;    if 
this    loose    material    rc- 
I  niaincd       between      the 
plates,    it    might    bridge 
the  narrow  gap  and  thus 
(short-Circuit  the  cell. 

Uut  it  is  in  the  formation  of  the  plates  that  the  greatest 

diflfcrences  occur  amongst  the  various  batteries  that  are  now 

in  practical  use.     Kach  plate,  whether  |)Ositive  or  negative, 

Iconsisis  of  a  leaden  baiking  or  framework  of  some  kind, 

l^hich  is  either  covered  or  penneated  with  the  material  in 

[which  the  chemical  actions  of  the  cell  take  place,  and  which 

^x  usually  called  the  active  material.     In  the  cell  shown  in 

Fig.  ^^  the  negative  plates  consist  of  a  leaden  framework  or 

'grid  "  with  holes  about  a  quarter  of  an  inch  scpiare.     The 

nils  between  the  holes  have  a  peculiar  cross  section,  designed 

lo  strengthen  the  plate  and  retain  the  active  material  in  the 

holes.     Three  forms  of  cross  section  are  shown  in  Fig.  28. 


A  Li  C 
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A  is  .1  somewhat  early  form,  and  15  is  a  more  recent  for 
inlnKluccd  by  Messrs.  Drake  &  Gorham.  A  paste  <d\  litharge 
(an  Dxiilc  of  leadj  is  filled  into  the  holes  of  tlic  grid,  and  is 
reduced  to  spongy  lead  electrolytically  by  placing  the  pasted 
plates  in  a  tiough  of  dilute  acid  and  passing  a  weak  current. 
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tltiiniuh  '">  Hcveral  days.  The  plates  are  connecieil  to  the 
ncitalive  |">le  of  the  dynamo.  The  positive  plates  of  th^ 
(I'll  kliiiwn  in  [''ig.  37  have  a  lead  backing  of  the  cross  scctioii 
ivpitni.tiletl  at  C,  I'ig.  28.  A  p.-iste  of  rcil  lead  is  filled  uitc 
lliu  jjroovch,  and  converted  into  peroxide  by  placing  th« 
pUtci  In  acid  and  porting  a  much  denser  current  ttirough 
lln-Mi  (Imn  llml  used  in  forniinu    '  aivo.     In  :!  ' 

llu-  ij1hI(»  aie  conncttcd  to  the  i  .le  of  thi  ■ 
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Quito  a  different  tyiJC  of  ceil,  also  designed  to  admit  of 

llieavy  disrharj;es,   is    the  f "roinptonHowcli    ecli,    fig.   _^o. 

I  By  a  well-known  nietallurgic.'il   [trocess  blocks  ot  le.id  are 

obtained  in  a  highly  crystalline  and  porous  condition.    These 
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lare  then  sawn  into  plates  of  convenient  size,  some  of  which 
Inre  coated  with  peroxide  for  [losilives,  and  the  others  with 
ppongy  lead  for  negatives,   in  both  cases  nioditications  of 

Plante's  original  i)roccss  being  used.  The  crystalline  nature 
the  unaltered  lead  backing  presents  a  large  surface  in 
'  contact  with  the  liquid  electrolyte,  and  mcrhanically  holds 

the  active  material  in  its  place.      The  cells  illustrated  each 


The  Electric  Cukrk.wt. 


contain  ten  positive  plates  ami  eleven  negative  ones ;  the 
jKisitivc  plates  of  the  first  cell  and  the  nei^atives  of  the 
second  are  all  autonomously  sjidered  to  a  heavy  lead  bar, 
thus  eliminating  the  resistance  of  clamps.  At  the  bottom 
the   plates  rest   upon    the   celluloid    s.paraiors    shown    in 
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Fig.  30,  the  negatives  upon  n  and  /',  and  the  positives  on 
c  and  J.  At  tlie  loj)  they  are  kept  apart  by  the  celluloid 
comljs^'  and  /i.  It  is  t  laimed  for  these  cells  that  they  have 
a  high  eOicieni-y,  and  are  very  free  from  liuckllnt;,  even  when 
discharged  at  an  excessively  high  rale. 

In  Fij{,  ji  there  ate  shown  three  of  the  cell*  of  ihe 
Electrical  I'owcr  Storoi^c  (.'ompany  of  a  type  larjjtly  u.v.'d  lot 
domestic  electric  lighting.     They  are  represented  !iU|)ported 
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on  trestles,  and  joined  up  ready  for  use,  the  whole  Uitlery 
prohably  consisting  ol  fifiy-six  such  cells.  K^h  cell  con- 
sists of  seven  positive  nnd  eight  negative  plates,  and  the 
positive  and  negative  connecting  bands  are  alternately  at 
the  liark  and  the  front,  the  positive  band  of  one  cell  being 
tightly  clamped  lo  the  negative  band  of  the  next,  so  that  the 
whole  of  the  fifiy-six  cells  are  eventually  joined  in  "series."' 
The  cells  do  not  rest  on  the  wooden  trestles  directly,  but  on 
oil-insulators,  which  are  described  later  on  (Fig.  34).     Surh 
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a  battery,  when  lully  rharged,  should  light  fifty  glow-lamps 
of  i6candlc  power  e.ach  for  ten  hours, 

To  show  how  ,\ccumulators  are  njodified  in  detail  for 
special  |)uq>oscs,  we  give  in  Figs.  3.2  and  33  illustrations 
of  the  cells  built  by  ihc  Kleeirical  Power  Storage  Company 
for  tram-cari  and  for  rail  way-carriage  lighting.  In  each  case 
the  cells  are  of  .1  shape  ad.ipled  to  be  placed  underneath 
the  seals  of  the  respective  vehicles.  The  cells,  instead  of 
l)cin(;  in  glass  ca.scs,  are  in  stout  teak  boxes  lined  on  the 
inside  with  lead,  and  wit!)  a  lid  lo  prevent  the  corrosive  acitl 
being  spilt. 


Tiih  Elecjkic  Cukkent. 


Many  oilier  types  of  accumulators,  some  of  them  very 
successful,  have  Ijecn  devised,  espccinlly  on  the  Continent. 
In  some  of  these  the  plates  are  laid  horizontally,  and  in 
others  there  are  si)ecial  arrangements  to  allow  for  the 
expansion  and  contraction  of  the  active  material  during  the 
working  of  the  cell.  Solid  and  semifluid,  or  jelly-like 
electrolytes,  have  also  been  tried.     But  a  full  discussion  of 
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these  various  devices  is  beyond  the  plan  of  this  l)ook,  as  it 
would  lead  too  much  into  technical  details. 


Precautions  in  Using  Accumulators. 

As  many  private  houses  now  have  accumulators  installed 
for  lighting  pur|)Oses,  it  may  not  be  out  of  place  to  refer 
briefly  to  a  few  of  the  simple  |)recnutions  which  should  be 
observed  in  tlu-  treatment  of  them. 

For  all  accumulators  permanently  fi.Ncd,  a  dry  room 
should  be  provided,  and  suitable  trestles  erected  on  which 
to  st.ind  the  cells.  These  trc.stlcs  should  \k  made  of  well 
seasoned  wood,  and  ctialcd  with  insulating  and  arid-proof 
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paint,  I'^ch  eel!  shoiiUi  be  placed  in  a  shallow  wooden  tray 
containing  a  little  loose,  dry  sawdust,  and  this  tray  should 
be  stood  upon  insulating  l)locks,  A  convenient 
and  ingenious  form  of  oil  insulator  is  used  by  the 
Electric  f?onstruction  Corporation,  and  is  shown 
in  V'v^.  34.  The  top  \ar\.  of  the  figure  is  a  per- 
spective view,  and  the  lower  part  a  section.  The 
insulator  consists  of  two  parts,  an  upi>er  and  a 
lower  ;  the  former  rests  in  a  ring  shaped  hollow 
in  the  latter,  the 
hollow  being  filled 
with  a  non-evapor- 
ative and  insulating 
oil.  Should  the 
outer  surface  of  the 
insulator  get  moist- 
ened with  acid,  and 
therefore  Ijccome 
conductive,  the  tur 
rent  cannot  leak 
away,  because  it 
would  have  to  |«ss 

over  the  dry  inner  surface  and  through  the  oil 
before  it  could  reach  the  outer  suiface  of  the 
lower  part. 

The    positive    terminal    of  one   cell   is   per- 
manently and  firmly  joined  to  the  negative  terminal 
of  the  next  throughout  the   battery,  leaving   one 
positive  terminal  free  at  one  end,  and  one  nega- 
tive terminal  free  at  the  other.      The  methods  of 
.\'*i-  "~  joining    ui)    the    battery   to    the  working  circuits 
WAc-     will  be   described    \n   a   subsequent   part   of  the 
work. 
A  few  words  may  be  said  here  about  charging  and  dis- 
charging.    .\s  a  gcneml  rule,  it  may  be  remarked  that  it  is 
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beller  to  keep  the  liilttry  overcliargid  than  underclinrgcd. 
In  no  case  should  a  discharge  be  so  far  continued  as  to 
exliaust  the  battery.  There  are  two  ways  of  ascertaining 
wheilier  a  cell  is  suflfiriently  charged  or  discharged.  The 
simpler  one  is  by  means  of  a  h'ydrumetei  which  measures 
the  density  of  the  acid.  We  have  already  remarked  that,  in 
charging,  sulphuric  acid  is  formed,  and  in  discharging  it  is 
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absorbed  by  the  plates.  Assuming  that  acid  of  proper 
strength  has  been  put  into  the  cells  when  first  they  were  set 
up,  the  density  of  the  acid  may  he  used  as  a  test  of  the  state 
of  charge.  For  this  purpose  a  sjiccial  form  of  hydrometer  is 
used.  The  lower  part  (l"ig.  35)  is  flat,  and  with  the  stein 
can  float  between  the  closely  |)ackcd  plates.  As  the  cells 
discharge,  the  hydrometer  sinks  furllicr  and  further  inlrj  the 
lii|tiid,  and  when  it  registers  a  deasity  of  1 
charge  should  be  nto|ipc().      In  charging,  the  1 
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the  limit  being  i  -200,  hut  a  gootl  criterion  is  to  continue 
the  charging  until  gas  is  given  off  freely.  These  figures 
apply  to  Kl'.S.  cells. 

The  other  method  of  testing  the  cells  is  by  means  of  the 
voltmeter,  a  spiecial  forni  of  galvanometer  (ii-f  [>.  ,587).  A 
convenient  modification  is  shown  in  I'ig.  36.  A  wooden 
rod  is  provided  with  corrugated  hrass  tujjcs  on  its  ends, 
which  are  respectively  connected  with  the  two  tcrminal.s  of 
the  voltmeter.  When  the  ends  of  the  rod  are  placed  on  the 
positive  and  negative  terminals  of  a  cell  a  current  flows 
through  the  voltmeter  and  the  pointer  indicates  the  pressure 
of  the  cell  in  volts.  This  pressure  should  never  be  allowed 
to  sink  below  1 '8  volt.s,  and  if  any  cell  differs  considerably 
from  the  other  cells  of  the  battery  it  should  be  at  once 
disconnected  and  carefully  examined.  The  working  pres- 
sure of  a  single  cell  is  about  z'o  or  s'l  volts. 

When  a  battery  is  in  regular  use,  the  density  of  the  acid 
and  the  pressure  of  eacii  cell  should  be  taken  about  once  a  week 
and  recorded.  If  the  battery  is  to  be  left  unused  for  some 
time,  it  should  be  first  fully  charged  and  then  disconnected 
from  all  circuits.  Also  when  a  battery  lias  been  standing 
idle  for  some  lime,  it  should  be  fully  recharged  before  being 
again  used. 
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CHAPTER    IV. 

THE    MECHANICAL   OR   MAGNETIC  PRODUCTION  OF 
THE   CURRENT. 

In  the  preceding  pages  we  have  described  how  the  pro- 
duction of  continuous  currents  of  electricity  was  first  arcoin- 
ph'shcd  by  chemical  means ;  and  it  was  by  using  currents  so 
generated  tliat  most  of  the  laws  of  the  electtic  current  were 
discovered  ami  investigated,  and  many  practical  a|>plications 
were  successfully  developed.  But  this  method  of  producing 
electric  currents  has  now  been  superseded  for  all  purposes 
where  large  currents  are  requireii,  and  for  many  other  pur 
poses  as  well,  by  a  direct  transformation  of  mechanical  into 
electrical  energy  which  depends  upon  the  magnetic  proper- 
lies  of  the  current.  Before,  however,  we  i:an  be  in  a  position 
to  discuss  satisfactorily  the  details  and  principles  underlying 
this  method  of  producing  electric  currents,  it  will  be  neces- 
sary to  refer  briefly  to  the  facts  and  principles  of  the  cognate 
science  of  magnetism,  a  science  whose  connexion  with  elec- 
trical jihcnomena,  though  previously  suspected,  was  not 
definitely  and  conclusively  establishetl  until  the  early 
part  of  the  present  century. 


Magrnetism. 

Historical. —  In  our  introductory  remarks  (p.  a)  wc 
have  briefly  referred  to  the  knowledge  of  magnetic  jiheno- 
mcna  which  existed  pfc\-iou.s  to  the  time  of  Gilbert.  This 
knowledge  may  be  summed  up  in  a  few  lines.  It  was  known 
that  the  lodcstonc  attrained  iron,  ami  cuuld  rommimirate 
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this  property  to  pieces  of  iron  and  steel  brought  uniiur  its 
influence,  so  that  these  in  their  turn  were  able  to  attract 
iron  and  endow  other  pieces  of  iron  with  the  same  pro|ierty. 
The  north  and  south  set  of  a  magnetised  steel  needle, 
free  to  turn  in  a  horizontal  plane,  was  also  known  and 
applied  in  the  mariner's  compass,  liy  trusting  to  which 
Columbus  had  discovered  the  New  World.  This  ap]>ears  to 
be  all  that  was  known  u])  to  about  the  middle  of  the  six- 
teenth century.  15ut  not  long  before  Gilbtrt's  experiments, 
Hartrcann  and  Norman  had  independently  observed  that  a 
steel  compass  needle  .so  balanced  as  to  be  horizontal  before 
magnetisation,  was  ([uite  out  of  balance  after  being  magnet- 
ised, the  end  pointing  northwards  ap))earing  to  be  the 
heavier,  and  "  dipping  "  downwards,  so  that  the  needle  had 
to  l)e  rebalanced  to  restore  it  to  its  horizontal  position.  This 
phenomenon,  known  as  the  inclination  or  "dip  "  of  a  mag- 
netised rod,  has  been  developed  into  a  particular  form  of 
magnetic  needle  known  as  the  dipping  needle.  Also  the 
well-known  magnetic  law,  to  which  we  shall  refer  in  detail 
presently,  concerning  the  attraction  and  rejwlsion  of  dis- 
similar and  similar  poles,  appears  to  have  l>een  discovered 
not  many  years  previous  to  1576,  but  the  name  of  the  dis- 
coverer is  not  known. 

Itesides  discovering  and  accurately  measuring  the  dip, 
Norman  had,  by  a  series  of  simple  experiments,  proved  that 
the  action  on  a  magnetised  needle  free  to  move,  to  whatever 
cause  it  might  be  due,  was  simply  rf/w/Zfc,  and  that  there 
was  no  resultant  force  of  translation.  The  cause  of  this 
action  was  a  fiuitful  subject  of  wild  conjecture,  sonie  sup- 
posing the  attracting  point  to  be  situated  in  the  heavens, 
others  sujiposing  it  to  be  m  the  earth,  and  others  again  sui>- 
■^sing  the  attraction  to  be  due  to  huge  mountains  of  lode- 
stone  situated  near  the  north  pole.  So  far  was  this  latter 
theory  carried,  that  it  was  confidently  asserted  that  ships 
sailing  near  these  mountains  had  to  lje  put  together  with 
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woddcn  nails  instead  of  iron  ones,  as  the  latter  would  be 
instantly  drawn  out  by  the  magnetic  attraction,  and  the  ship 
destroyed. 

Cilbcrt  originated  the  liold  and  simple  theory  that  all  the 
facts  of  terrestrial  inngnetism  can  be  accounted  for  by  the 
assumption  that  the  earth  itself  is  a  huge  magnet.  This 
theory  he  supported  by  experiments  on  magnetised  spheres, 
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which  he  called  "tcrrcllas,"  or  "carthkins,"  l-'ig.  37,  copied 
from  Gilbert's  book,  shows  one  of  these  "tenclias,"  with 
small  magnets  placed  in  various  positions  round  it  to 
demonstrate  the  similarity  between  its  action  and  the  action 
of  the  earth  on  compass  needles,  as  observed  by  the  various 
navigators  and  othet^  who  had  investigated  it  in  dincrcnt 
pans  of  tlie  earth.  The  promulgation  of  this  theory  was 
only  one  of  the  manv  rcntribiition.<  of  ftilbctt  to  the  Mnencc 
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of  iliL'  writers  on  this  branch  of  physical  science  for  many 
years  after  his  death  did  nothing  to  extend  the  subject 
beyond  the  point  at  whii  h  he  left  it.  Poggendorff  has 
called  him  the  "(Jalileu  of  Magnetism,"  and  as  many  of  his 
observations  have  not  been  superseded  iu  the  subsecjucnt 
development  of  the  science,  but  still  form  an  integral  part 
of  it,  it  will  perhaps  be  more  convenient,  in  order  to  avoid 
rcjietition,  to  at  once  lay  before  the  render  ilie  experimental 
and  other  data  at  our  command.  In  doing  .so,  we  can  most 
conveniently  point  out  those  parts  which  are  due  to  Ciilbert, 
as  well  as  the  extensions  made  during  the  last  three  centuries 
by  those  who  followed  liim. 

The  hidestone,  the  earliest  form  of  magnet,  is  an  ore  of 
iron  known  to  mineralogists  as  nuigiKlile,  and  having  the 
chemical  constitution  denoted  by  the  formul.i  I''e,()^,  that  Is, 
its  molecule  is  supposed  to  consist  of  three  atoms  of  iron 
united  to  four  atoms  of  ox)gen  ;  it  is  thus  an  oxide  of  iron. 
The  ore  is  found  widely  diflTused  in  different  parts  of  the 
earth,  and  sometimes  occurs  in  octahedral  crystals  ;  when 
first  obtained  from  the  mine  it  usually,  but  not  always,  ex- 
hibits the  magnetic  properties  which  first  attracted  attention 
to  it.  These  are  most  easily  shown  by  rolling  or  dipping 
the  stone  in  dry  iron  filings,  when  it  will  be  found  tliat  the 
filings  adhere  in  tufts  to  certain  parts  of  it.  In  a  good 
specimen,  two  distinct  tufts  will  be  formed,  but  there  may 
be  more. 

Besides  attracting  iron,  the  lodestone  can  transmit  this 
projierty  to  certain  other  substances.  The  most  convenient 
method  is  by  rubbing  the  other  body  with  that  i>art  of  the 
lodestone  to  whicli  the  iron  filings  adhere  ;  these  bodies  are 
then  found  to  possess  all  the  i^roperties  of  the  original 
lodestone,  and  are  said  to  be  mu^ncliit-d.  Of  all  sub- 
stances, iron,  in  its  various  modifications  of  wrought  iron, 
Cast  iron,  and  steel,  is  capable  of  assuming  this  wagnt/iV  con- 
dition in  the  most  marked  degree.      Next  to  iron  come  the 
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mclalii  nickel  and  colialt,  and  a  few  of  the  chemical  com- 
poundb  of  iron.  With  a  few  slight  exceptions,  no  other 
bodies  can  be  permanently  magnetised. 


Fi^.  38.— Iron  KUioKi  oUbcnnj;  to  Hor  Masiict. 

For  purposes  of  experiment,  artificial  magnets  of  iron 
arc  far  more  convenient  than  the  lodcstone.  In  one  form  or 
another,  they  are  now  familiar  objects.     'Ihe  ordinary  steel- 
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bar  magnet,  as  it  a|ipcars  after  being  rolled  in  iron  filings,  is 
shown  in  Fig.  38,  the  filings  adhering  to  it  just  as  they  would 
lo  a   natural   magnet  of  »hc  same  .thape.     It  should  be 
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observed  that  ihe  filings  cluster  together  most  thickly  at  the 
ends  of  ihc  magnet,  and  that  the  central  region  ap[H.ars  to 
be  unable  to  attract  them.  The  attraction  of  the  magnet 
for  larger  masses  of  iron  can  be  exhibited  by  suspending 
from  a  suitable  stand 
{l'">g-  39)  liy  a  long 
thread  a  ball  of  soft 
iron,  and  bringing 
either  end  of  the  mag- 
net near  it.  It  will  be 
found  that  the  ball  is 
deflected  by  the  mag- 
net, whitli  is  therefore 
able  to  overcome  more 
or  less  the  granta- 
tional  attraction  of  the 
earth.  As  with  the  filings,  the  centre  of  the  magnet  will  be 
found  powerless  to  attract  the  ball.  Other  boilies  may  be 
substituted  for  the  iron  ball,  and  the  action  of  the  magnet 
on  them  examined. 

The  experiment  may  lie  in 
structively  varied  by  moutuing 
the  magnet  so  that  it  is  free  to 
move,  and  then  bringing  the 
bodies  under  experiment  near  it 
For  this  purpose,  instead  of  the 
heavy  bar  magnet  of  l'"ig.  39,  a 
light  piece  of  m.-ignetiscd  steel  or 
miij;nc/ii-  lutdU  is  usually  cm- 
ployed.  This  ntay  be  of  the 
shape  shown  in  Mg.  40,  where  the  double-jiointe*!  piece 
of  sheet  steel  is  fitted  with  a  little  cap  of  agate  or  glass 
at-  its  centre,  by  means  of  which  it  can  be  balanced  on 
the  fine  metal  [loint  a.  Or  a  convenient  length  of  knit- 
ting needle  steel  proiierly  magnetised   may    be   hung   and 
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balanced  in  a  light  stirrup  (Fig.  41),  which  is  suspended 
by  a  long  and  torsionless  silk  fibre.  Thus,  either  pivotted 
or  suspendeil,  the  magnetic  needle  is  a  delicate  ma^neU>- 
scope  (or  magnetisin- detector),  and  it  is  found  to  point  when 
at  rest  in  a  direction  which  is  approximately  north  and  south. 
If  now  the  iron  ball  used  in  the  previous  experiment  is  un- 
mounted and  brought  near  to  the  needle,  it  will  be  found 
that  it  attracts  either  end  eijually  well.  We  may  therefore 
say  that  the  magnet  attracts  iron,  or  that  iron  attracts  the 
magnet.    A  more  accurate  ex[Kerinient  was  made  by  Ciilliert, 


Fig.  42. -Mulu.^1  Action  of  M.»^itt:l^ 


wIki  first  hung  u  piece  of  iron  to  the  beam  of  a  balance, 
and,  after  counterbalancing  it  with  weights,  placed  a  magnet 
underneath  and  measured  the  altracttJ'c  force  by  adding 
more  weights  to  the  other  scale  [>an.  He  then  attached  the 
magnet  to  the  balance  and  placed  the  iron  underneath,  and 
found  that  the  atinu.tivc  force  was  still  the  same.  The  well- 
known  dynamical  law  of  the  equality  of  action  and  reaction 
was  thus  proved  for  mitgnttic forces. 

But  the  e!i|H;riinent  may  now  be  earned  tuiiln.r.  I. el 
the  end  of  the  needle  in  Fig,  4 1  which  points  towards  the 
north  (frequently  called  the  north  seek mg  end)  be  carefully 
marked,  and  lifting  the  needle  from  its  stirrup,   ''"   "   'tf 
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Ignt  near  the  pivotted  ncwjle,  as  in  Fig.  41.  If  the  un- ' 
marked  end  be  brought  near  the  north  seeking  end  (N)  of 
the  pi>'(jtted  needle,  it  will  be  found  to  attract  it  just  as  the 
iron  ball  did,  though  perhaps  more  energetically.  But  if  the 
markcii  end  lie  presented,  it  will  be  found  to  repel  the  north- 
seeking  end  of  the  movable  needle.  This  is  a  universal 
property  of  ordinary  magnets  :  one  part  will  be  found  to  rejicl 
the  end  (N)  of  the  pivotted  needle,  and  another  jjart  to 
attract  it.  The  parts  in  which  the  repelling  or  attractive 
force  appears  to  reside  are  called  the  po/ei  of  the  magnet ; 
and  the  above  experiment  shows  that  the  poles  which  point 
in  the  same  direction  {e.g.  towards  the  north)  when  the 
magnets  are  free  to  move,  repel  one  another,  and  that  those 
which  point  in  opposite  directions  atlracl  one  another.  We 
aie  thus  led  to  the  well  known  law  that,  Like  magnetic 
poles  repel  one  another,  and  unlike  magnetic  poles  attract  one 
another.  As  already  remarked,  this  law  ap^iears  to  have 
become  generally  known  about  the  last  half  of  the  si.xteenth 
century.  We  shall,  in  what  follows,  refer  to  the  part  of  a 
simple  magnet  which  repels  the  north  end  of  a  freely  sus- 
pended mngnetic  needle  as  the  "  north  p«jlc  "  of  the  magnet, 
and  the  p.irt  which  repels  the  south  end  of  the  needle  as  the 
"  south  pole." 

Experiments  similar  to  the  above  led  (lilberi  to  draw  a 
distinction  between  magnets  and  magnetic  bodies  or  sub- 
stances. The  latter  attract  either  end  of  a  I'rtely  suspended 
magnet  indiscriminately,  and  without  regard  to  which  part 
of  the  body  is  presented  to  the  magnetic  pole.  Whereas 
magnets  either  attract  or  repel,  but  only  near  their  pules, 
and  there  is  a  neutral  or  equatorial  region  near  which 
external  magnetic  force  is  either  absent  or  very  feeble. 

Another  important  observation  is  that  it  is  impossible  to 
obtain  a  m.ignet  with  only  one  iH^)le.  If  wc  tiy  to  separate 
the  two  poles  by  breaking  a  long  magnet  at  its  middle  point, 
near  which,  as  just  observed,  there  is  little  or  no  magnetic 
u 
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force,  ii  will  be  fount!  that  each  piece  is  a  complete  magnet 
liosscssing  tivo  pules.  The  parts  of  the  metal  near  the 
middle  of  the  original  bar,  which  showed  no  action  before, 
arc  now  strong  poles.  Again,  no  method  of  magnetising 
(■nil  give  Us  a  magnet  with  one  [lole,  though  a  badly  magncl- 
i.sed  bar  may  have  more  than  two  i)olar  regions.  'I'he  effect 
of  di|)ping  such  a  bar  in  iron  filings  is  shown  in  Fig.  43. 
Besides  adhering  at  the  ends,  the  iron  filings  also  adhere  at 
intermediate  places.  On  testing  these  places  with  the  mag- 
netdsrojie  already  described,  they  will  be  found  to  exhibit 
allernately  north  and  south  polar  properties.  Thus  if  the 
end  (A')  of  the  bar  be  a  north  pole,  as  proved  by  rfpelling 
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the  north-seeking  end  of  the  pivotted  needle,  the  region  A 
will  exhibit  south  ptjlarily,  the  region  B  north  polarity,  the 
region  C  south  polarity,  and  the  other  end  {N')  will  be 
found  to  be  a  north  pole.  These  intermediate  regions  (A, 
Ji,  and  C)  are  called  (onsetfuent  f>o/es,  and  can  be  produced 
by  rubbing  the  bar  in  an  irregular  manner  when  magnet- 
isirig  it. 

It  was  known  in  early  limes  that  the  magnetic  attractions 
were  not  interfered  with  by  interposing  brass  and  some  other 
substances  between  the  attracting  bodies.  Gilbert  experi- 
mented with  many  substances,  amongst  others  with  rings  of 
flame  surrounding  a  magnet,  and  he  found  that  the  magnetic 
attraction  acted  across  the  flame.  Experiments  show  that 
whatever  materials  fill  the  intervening  space  between  the 
attracting  bodies,  provided  only  that  there  arc  no  m<ti;n//if 
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the  space.  Tlie  only  way  in  vvhii;h  a  inannct,  ui  iniigiiLlir 
body,  can  bo  scnencd  troni  being  alTecicd  by  other  mag- 
nets in  its  ncifihbourhuod,  is  by  unclusing  it  in  a  thick  shell 
of  iron  or  other  magnetic  material.  Such  a  screen  is  used 
in  I.ord  Kelvin's  marine  galvanometer. 

The  distinction  drawn  above  between  magnets  and  mag- 
netic bodies  would  seem  to  point  to  a  difference  in  the 
magnetic  actions  called  into  jilay  when  the  two  classes  of 
bodies  are  examined  in  the  manner  suggested  by  bringing 
them  near  a  freely  suspended  magnet.  In  reality,  the  dis- 
tinction is  more  apparent  than  real,  for  it  is  easy  to  show 
that  the  attractions  in  both  cases  are  attraction.s  between 
magnets,  and  follow  the  [lolar  law  of  attraction  alre.tdy 
enunciated.  What,  then,  is  the  difference  ?  It  is  this.  The 
magnets  already  possess  polar  profKjrties  before  being  tested, 
whereas  the  magnetic  bodies  temporarily  acquire  these  polar 
liroperties  by  the  mere  fact  of  being  brought  near  to,  or  into 
the  field  of,  the  suspended  m.ignet.  Moreover,  the  polarity 
a.ssumed  whilst  near  the  latter  is  such  that  an  unlike  pole  is 
turned  towards  the  nearest  pole  of  the  magnet  in  all  cases, 
and  therefore  we  get  attraction  always.  On  removal  the 
magnetic  bodies  either  lose  this  acquired  polarity  com- 
pletely ;  or  retain  such  a  feeble  trace  of  it  that  when  brought 
in  the  same  manner  near  the  opposite  polo  of  the  susiwnded 
magnet,  they  become  polarised  in  the  opfxisile  direction, 
and  attraction  again  takes  place.  The  magnetic  body,  when 
temporarily  magnetised  as  above,  is  said  to  be  under  induc- 
tion ;  and  the  phenomena  exhibited  are  due  to  a  particular 
class  of  magnetic  actions  which  form  an  important  branch  ot 
the  science  under  the  name  of  tnaj^netic  induction. 

Magnetic  Induction.  —That  a  magnetic  body  placed 
near  a  magnet  is  for  the  time  being  polarised,  and  itself  a 
magnet,  can  be  shown  by  a  number  of  striking  experiments, 
from  which  we  shall  select  one  or  two.  One  of  the  simplest 
is  the  following,  due  to  Gilbert.  A  and  I!,  Fig.  44,  are  two 
H  2 
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short  pieces  of  soft  iron  suspended  by  long  threads,  as  ahowti ; 
before  the  magnet  pole  (N)  of  a  pennanent  magnet  is 
brought  near  to  them,  they  hang  side  by  side  in 
the  position  shown  by  the  dotted  lines.  But 
when  either  pole — for  instance,  the  north-seeking 
I>olc  (N>— of  a  jiowerful  permanent  magnet  is 
brought  underneath  and  near  to  them,  they 
assume  the  position  shown  by  the  full  lines. 
Gilbert  explains  this  action  by  saying  that  the 
two  ends  of  the  little  pieces  of  iron  nearest  to 
N  become  poles  similar  to  one  another,  but 
dissimilar  to  N.  whereas  the  farther  ends  became 
similar  poles  to  N.  We  have  indicated  this 
state  of  affairs  in  the  figure  by  the  small  letters 
/,  i»,  x',  «'.  Now,  as  the  magnetic  law  is  that 
like  poles  repel,  we  have  x  and  s  mutually  re- 
pelling one  another,  and  likewise  «  and  n  re- 
pelling one  another.  Hence  the  little  pieces  of 
iron  take  up  the  position  figured.  That  the 
ends  nearest  N  are  of  unlike  polarity  to  N  is 
shown  by  the  attraction  between  them  and  N. 

Another  instructive  experiment  in  magnetic 
induction  is  the  following  : — Let  a  well-magnet- 
ised bar  magnet  (NS)  be  clamped  in  .i  horizontal 
position  (Fig.  45),  and  in  line  with  it  damp 
a  rod  (A)  of  wclUnnnealed  but  unmagnetised  wrought 
iron.  A  numl)cr  of  iron  lacks  or  nails  may  now  be  sus- 
(icndcd  in  a  kind  of  chain  from  the  end  (x)  of  A  farthest 
from  NS,  and  these  will  be  supported,  and  support  one 
--•  "her,  by  the  polar  atlrartion  of  A,  and  the  mutual  attrac- 
of  the  poles  induced  in  the  tack.s  themselves.  But 
li'rs  st.itc  of  things  only  lasts  as  long  as  NS  is  kept  in  posi- 
mm.  1(  NS  he  removed  to  a  distance,  all  magnetic  action 
will  vanish,  and  the  tacks  will  drop  off  from  the  end  of  A, 
uhirh  has  now  ceased  to  show  any  magnetic  proiicrtics. 
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A  great  difference  is  found  to  exist  between  different 
kinds  of  iron  and  steel  when  placed  under  induction. 
Broadly  speaking,  two  effects  have  to  be  observed.  First, 
the  magnetic  properties  manifested  whilst  the  specimen  ex- 
perimented upon  is  actually  under  induction  :  lhe.se  proper- 
ties are  due  to  the  so-called  temporiiry  wa)^ti(tism.  Then 
there  are  the  properties  retained  when  ihe  inducing  cause  is 
withdrawn  :  these  are  due  to  so-called  residual  ma^Htlism. 
Now,  as  regards  temporary  magnetism,  soft  wrought  iron 
carefully  annealed  is  found  to  give  the  best  results,  and  as 
harder  and  harder  specimens  are  examined,   the  induced 


g- 


a 


(^ 


® 


'■'K-  45.~Iroti  Red  iiiijcr  tiiUticliun. 


temporary  magnetism  is  found  to  get  less  and  less  until  we 
reach  cast  iron.  Passing  then  to  steel,  we  find  it  even  worse 
than  cast  iron,  and  the  harder  the  steel,  the  less  temporary 
magnetism  does  it  show  under  given  conditions  of  induction. 
But  when  we  examine  the  nsidual  magnetism,  this  order  of 
merit  is  reversed.  Steel,  which  showed  such  pour  results 
relatively  to  soft  iron  when  under  induction,  is  found  to  be 
able  to  retain  a  far  larger  portion  of  the  properties  then 
exhibited  than  either  cast  or  wrought  iron.  In  fact,  the 
residual  magnetism  is  not  only  relatively,  but  absolutely 
much  gre^iter.  It  is  for  this  reason  that  all  permanent 
magnets  arc  made  of  steel.     Next  to  5.tcc\  coto«  c?»s,\.  \\qv». 


102 


Till.  Elactkic  Cukkext. 


and  worst  of  .ill  for  retaining  magnetism  is  the  wrought  iron 
which  exhibited  so  much  tenn)orary  magnetism  when  under 
induction.  In  fact,  it  may  be  stated  as  a  general  law  thit 
those  bodies  which  are  most  susceptible  of  temporary  mag- 
netisation show  least  residual  magnetisation,  and  vut  vertii, 
or  a  body  easily  magnetised  also  easily  loses  its  magnetism. 
The  most  convenient  method  of  investig.iting  the  above 
facts  is  by  means  of  electric  currents,  and  we  therefore 
reserve  details  for  the  present.  The  property  of  substances 
liy  which  they  are  able  to  retain  a  portion  of  the  magnetism 
tm|>arlod  to  them  by  induction  is  known  as  their  cMrdve  or 
((Hrcitivt  force,  and  Dr.  J.  Hopkinson  has  recently  shown 
how  a  numerical  value  can  be  assigned  to  it  {s<t  p.ige  156). 

Early  Magnetic  Theories.    Su  far,  we  have  confined 

our  attention  to  the  most  prominent  experimental  facti  of 
magnetic  action,  but  before  taking  up  the  consideration  of 
additional  recent  discoveries,  and  of  more  modern  ways  ol 
regarding  those  facts,  it  may  be  interesting  to  devote  a  few 
lines  to  considering  the  explanation  which  for  a  long  time 
was  regarded  as  sufficient  to  account  for  the  phenomena. 
This  cx|jlanation  came  into  favour  at  the  time  when  the  gla- 
mour of  Newton's  great  generalisation  concerning  "  universal 
gravitation  "  largely  influenced  the  direction  of  the  scientific 
thought  of  the  day.  It  w.os  therefore  natural  that  men 
should  endeavour  to  explain  any  additional  cases  of  attrac- 
tion tiiat  came  under  their  notice  in  the  way  i)oinled  out  by 
Newton,  namely,  by  a  tlieory  of  "action  at  a  distance."  It 
is  true  that  the  magnetic  case  ajipeared  less  amen.ihle  to 
this  treatment  than  the  gravitation  case,  since  not  only 
attractions,  but  repulsions  had  to  be  accounted  for.  'I'o 
meet  this  difficulty,  it  was  necessary  to  .tssume  the  existence 
of  two  kinds  of  magnetic  matter,  or  magnetism,  endowed 
Ifilh  opposite  (iropcrtics,  sui '  m  of  tithtr  kina 
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the  opptnitc  kind.      The  manner  m.  which  the  distance  aprt 
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of  the  acting  magnetisms  affecled  liie  nltractioiis  and  repul- 
sions had  to  be  determined,  and  it  is  not  surprising  that  the 
celebrated  gravitational  "law  of  inverse  squares"  should 
have  been  regarded  as  the  inosi  likely  one. 

The  mailer  was  apparently  settled  in  1785  by  a  series  of 


Fig.  4O. — Coulumb'k  '\»n\on  DuLincc. 


hasterly  experiments  by  Coulomb  with  the  torsion  balance 
of  Michell.  This  instrument,  as  used  l>y  Coulouib,  is  shown 
in  P'ig.  4O.  An  open  wooden  box,  3  feet  square  and  18 
inches  deep,  had  a  graduated  circle  34  inches  in  diameter 
fixed  horizontally  9  inches  from  the  bottom.  A  vertical  tube 
30  inches  long  was  fixed  over  the  centre  of  iKc  bo'k  ovv  •». 
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aamhu  b  and  carried  at  the  top  a  areolar  {lUte  nude 
£ut  to  a  short  cylinder,  which  was  fitted  so  -.  easily 

iaaide  the  tube.     The  circular  plate  was  di\  i^:  .cgiees 

of  arc,  and  from  below  its  centre  a  fine  brass  wire  was  sus- 
pended CO  as  to  hang  freely  in  the  tulie.  The  tower  end  of 
the  wire  was  cli{>|>ed  by  a  stirrup,  shown  on  a  larger  scale  at 
the  side,  in  which  a  magnetised  steel  needle  could  be 
balanced  horizontally.  The  ntredle  used  by  Coulomb  was 
24  inches  long.  Jf  now  the  circular  plate  at  tlie  top  be 
turned,  whilst  the  suspended  needle  is  prevented  from  turn- 
ing through  an  equal  angle,  a  twist  or  "  torsion  "  will  be 
given  10  the  wire. 

In  such  an  instrument,  the  turning  force  with  which 
the  wire  acts  upon  the  suspended  magnet  in  any  particular 
]>i»iuon  is  strictly  proportional  to  the  amount  of  twist  in 
the  wire,  or  to  the  angle  through  which  the  wire  is  twisted. 
This  "angle  of  torsion,"  as  it  is  called,  can  easily  be  ascer- 
tained by  reading  the  ai\gular  positions  of  the  torsion 
head  and  ol  the  suspended  magnet  on  their  respective 
scales.  I'o  produce  the  magnetic  action,  a  second  and  fixed 
magnet  <NS),  the  clamps  for  holding  which  arc  not  shown,  is 
introduced  into  the  case  in  a  veriio.il  position,  with  its  north 
pole  tlownwards  and  near  the  north  |)olo  of  the  su?i]iended 
in.tgnet  In  Coulomb's  cxperiinent.s,  this  fixed  magnet  con- 
sisted of  a  thin  steel  wire  24  inches  long,  similar  to  the 
suspended  needle,  and  carefully  magnetised.  When  placed 
in  position,  the  .»*  tion  of  such  n  m.ijjnct  on  the  suspended 
magnet  would  be  almost  entirely  that  due  to  its  N  pole. 
The  S  pole  is  almost  completely  out  of  action,  both  liccaiise 
of  its  gtcaur  distance  and  albo  because  the  direction  of  it» 
action  docs  not  correspond  with  the  possible  direction  of 
motion  of  »r.  In  making  an  experiment,  the  magnet  NS  is 
hrst  removed,  and  the  whole  insirument  \*  turned  round 
until  the  m.i^incl  m  is  brought  to  rest  under  the  directivf 
anion  of  the  earth,  with  mj  torsion  on  the  wire  /.     This 
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adjustment  is  assisted  by  replacing  us  by  a  similar  bar  of 
Hon-magnelic  material  such  as  copper.  NS  is  now  intro- 
duced with  its  pole  N  downwards,  and  consequently  the 
[K)Ie  /»  of  /IS  is  repelled,  and  us  takes  up  a  position  of  equili- 
brium, but  can  be  brought  back  to  its  first  position  by  turn- 
ing the  torsion  head  (K)  in  the  opposite  direction.  Suppose 
in  a  given  case,  with  N  in  a  certain  observed  position,  that 
K  has  10  be  turned  through  300°  to  bring  back  /is  to  where 
it  was  before  NS  was  introduced.  This  number  (joo)  then 
measures  the  force  of  repulsion  of  N  on  «.  Now  let  NS  be 
moved  so  that  ils  distance  from  the  zero  position  of  /is  is 
dimini.shetl  to  one-half  of  its  previous  distance,  and  again 
bring  ns  back  to  zero  by  turning  the  torsion  head.  It  will 
now  be  found  that  the  total  amount  of  turning  of  the  torsion 
head  is  three  complete  revolutions,  and  about  100'  besides. 
Thus  the  torsion  is  =3  x  360 -f  too  =  1080  -|-  100=  1 180. 
The  force  of  repulsion  has  therefore  been  increased  from  300 
to  iiSo,  or  about  four  times  by  halving  the  distance  be- 
tween the  poles.  H.id  the  distance  been  diminished  to 
one-lhird,  the  force  would  have  been  found  to  be  increased 
nine  times,  and  so  on. 

By  such  experiments,  with  numerous  variations  in  detail, 
Coulomb  proved  for  all  cases  similar  to  those  upon  which  he 
experimented  the  following  law  of  magnetic  action  ; — T/u 
attraction  or  repulsion  Mrveen  tioo  ijiiaiitities  {//i  and  m')  of 
HiagHetisin,  supposed  concentrated  in  two  points  at  a  distance 

(J)  apart,  is     *  ,  and  is  in  the  line  joining  tht  two  points. 

Or.  in  other  words,  the  force  is  directly  iis  the  product  of 
the  two  acting  quantities  of  magnetism,  and  inversely  as  the 
square  of  tiie  dist.ince  between  them.  The  unit  ijuantity  of 
magnetism,  or  //////  magnetic  pole,  would  therefore  be  defined 
as  the  quantity  which  would  reftel  an  ei/ual  quantity  placed 
at  unit  distance  from  it  with  //////  force.  It  is  usual  to  mea- 
sure the  distances  iti  centimetres,  and  the  fuTctswdjnts.     \ 
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force  of  one  dyne,  ihough  convenient  for  these  measure- 
ments, is  exceedingly  small,  as  may  be  inferred  from  the 
statement  that : — In  London  the  Weight  of  One  Pound 
=  445.050  IJynes. 

We  have  already  remarked  that  the  existence  of  both 
attractions  and  repulsions  necessitated,  for  '*  action-at-a- 
distance"  theories,  the  assumption  of  the  existence  of  two 
kinds  of  magnetism  endowed  with  opposite  properties.  In 
this  way  arose  the  celebrated  ''two-fluid  "  theory  of  magnet- 
ism, which  supposes  that  all  magnetic  bodies  in  the  neutral 
stite  possess  a  store  in  equal  i]uantities  of  the  two  magnetic 
fluids.  The  jjrocess  of  magnetisation  was  described  as  due 
to  the  separation  of  these  two  fluids,  the  positive  fluid  going 
to  the  north  end  of  the  magnet,  and  tlie  negative  fluid  to 
the  south  end.  These  fluids  were  then  su[)posed  to  act 
upon  one  another  according  to  the  law  just  enunciated. 
Now,  it  is  undoubtedly  irue  that,  with  the  help  of  subsidiary 
hypotheses  regarding  the  distribution  of  the  so-called  fluids 
at  the  ends  of  the  magnet,  this  theory  was  capable  of  ex- 
l)laming,  and  mathematically  predicting,  most  of  the  pheno- 
mena known  before  the  discovery  of  electro-magnetism. 
Amongst  other  modifications,  it  was  found  thai  the  distance 
(1/)  referred  to  above  had  to  be  measured,  not  from  the  end 
of  the  magnet,  but  from  3  jwint  within  the  magnet  near  its 
end.  Thus,  in  Coulomb's  24-incli  magnets,  a  point  about 
1  inch  from  the  end  was  found  to  give  the  best  results. 
This  led  to  the  theory  that  the  magnetism  was  plastered,  as 
it  were,  over  the  ends  of  the  magnet  like  a  coat  of  [laint  of 
varying  thickness,  and  that  the  point  referred  to,  from  which 
distances  were  to  be  measured,  was  the  centre  of  mass  of 
this  "surface  distribution,"  as  it  was  called. 

The  great  advantage  of  this  method  of  regarding  the  facts 
was  that  it  was  readily  adaptable  to  high  mathematical  treat  ment, 
and  gave  rise  to  innumerable  [iroblems  in  advanced  mathe- 
matics of  great  elegance  and  beauty  from  tlie  niaihematician's 
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point  of  view.  It  also  had  a  stimulatioB  influence  on 
the  development  of  mathematirs,  so  that  for  many  years 
after  Coulomb's  work  it  was  difficult  to  say  whether  the 
science  of  magnetism  was  more  indebted  to  mathematics 
than  mathematics  was  indebted  to  the  science  of  magnetism. 
At  any  rate,  a  number  of  important  theories  in  pure  mathe- 
matics owe  their  origin  to  the  necessities  of  this  methud  of 
analysing  magnetic  and  analogous  electrical  cxi>eriments 
and  problems.  Notwithstanding  its  inability  to  deal  with 
many  modern  problems  in  the  science,  the  method  i.s  still 
retained  wherever  a  taste  for  mental  mathematical  gymnas- 
tics is  cultivated. 

The  point  at  which  "  two-fluid  "  and  all  other  "  action- 
at-a-distance  "  theories  break  down,  is  in  their  failure  to  take 
account  of  the  internal  constitution  of  the  magnet,  and  of 
the  state  and  influence  of  the  medium  which  surrounds  it. 
In  conse(]uence  of  this  defect,  thc^u  theories  are  quite  un- 
suited  to  the  treatment  of  the  |irul)lcms  which  arise  when 
we  have  to  deal  with  the  experimental  facts  of  electro  mag- 
netism and  of  electro-magnetic  induction.  Whatever  an.swcr 
may  ultimately  be  given  to  the  question  "What  is  mag- 
netism ? "  there  is  no  doubt  that  the  j)henomen()n  of  magnet- 
isation is  a  molecular  one.  We  have  already  (page  i;7) 
pointed  out  that  it  is  impossible  to  obtain  a  single  north 
pole  by  breaking  a  magnet.  This  is  what  hajjpens  when 
the  attempt  is  made.  If  a  large  magnet  be  broken  in 
two,  each  of  the  i)ieces  is  found  to  be  a  complete  mag- 
net with  two  [kjIcs.  If  these  pieces  be  again  broken,  the 
resulting  bits  are  still  complete  magnets;  the  process  of 
sub-division  may  Ik:  re|)eatcd  to  any  extent  mechanically 
[>ossible,  and  the  smallest  bit  of  the  original  tnagnct  that 
can  be  thus  obtained  is  found  to  be  a  |>crfeet  magnet, 
possessing  lx)th  north  and  south  poles,  l-acts  like  these,  which 
were  amongst  the  earliest  discovered  facts  of  the  icicnrc, 
have  long  since  led  to  the  conclusion  that  the  true  explanation 
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of  tlic  process  of  magnetising  a  bar  of  magnetic  material 
must  be  sought  in  the  peculiar  constitution  ol  its  molecules. 
Thus,  a  very  probaljle  explanation  is  that  the  molecules  of 
magnetic  bodies  are  themselves  magnets,  but  that  in  the  un- 
magnetised  body  the  axes  (or  lines  joining  the  [xjles)  of  these 
little  magnets  arc  turned  imlififerenily  in  all  directions,  and 
that  the  ])roccss  of  magnetisation  consists  in  these  little 
magnets  turning  themselves,  under  external  magnetic  forces, 
so  as  to  set  their  poles  pointing  more  or  less  perfectly  in  one 
direction.  This  view  is  supported  by  the  fact  that  when  a 
rotl  of  iron  is  subjected  lo  a  powerful  longitudinal  magnet- 
ising force  it  increases  in  length,  and  that  at  the  moment  the 
force  is  turned  on,  a  sharp  click  is  heard,  as  if  the  material  of 
the  Ixir  were  being  suddenly  strained.  The  recent  researches 
of  Hughes  and  of  Kwing  have  shown  that,  in  a  modified 
form,  this  theory  is  capable  of  explaining  most  of  the  known 
facts.  But  before  we  refer  to  these  researches,  we  must 
briefly  indicate  how  the  modem  method  of  viewing  the 
phenomena  differs  from  the  old  "  action-al-a  distance " 
theories. 

Thk  Magnetic  Fiki.d. 
Ixl  a  bar  magnet  be  laid  u|K)n  a  table  and  covered  with 
a  sheet  of  glass  or  stiff  cardboard,  and  let  a  thin  layer  of  fine 
iron  filings  be  evenly  dusted  over  the  top  surface  of  the  glass 
or  cardlward.  If  now  the  latter  Ik'  lightly  tap))ed,  the  iron 
filings  will  arrange  themselves  in  definite  "magnetic  curves," 
as  they  are  called,  such  as  are  depicted  in  Fig.  47.  F«ich 
little  bit  of  iron  is  brought  near  to  or  into  the  ma^^iKlU 
jitht  of  the  large  magnet,  and  when  the  card  is  tapped,  the 
jerk  allows  them  to  act  like  a  lot  of  little  compass  needles, 
each  turning  with  xXa  longest  axis  in  the  direction  of  the 
resultant  magnetic  force  at  the  particular  pl.icc  where  it  is. 
Thus  the  linos  of ''     "      ••  show  r' ■  ■■  direction  in 

wliith  llie  magntir  ut   in  thi-  1   pnrU  of  the 
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field ;  or  more  slriclly,  tl>ey  show  the  direction  of  the  re- 
solved part  of  the  forces  in  the  plane  in  which  they  lie,  for 
the  actual  directions,  in  some  places  at  least,  must  be  passing 
Dhli(|uely  through  the  glass  or  card  from  the  bottom  to  the 
top  side,  or  vkf  versH.  Because  these  lines  thus  indicate  the 
directions  of  the  magnetic  forces,  they  are  sometimes  called 
the  "  lines  of  magnetic  force,"  or  more  briefly,  the  "  h"nes  of 
force."     The  term  should,  however,  be  reser\'ed   for  lines 


Fig.  47.— Mngnttic  Curves  of  «  Bar  Magnet. 


following  the  real  directions  of  the  forces,  and  not  re.solved 
directions  in  a  particular  plane.  The  term  "  magnetic 
curves"  is  therefore  more  appropriate  for  the  lines  shown  by 
the  filings,  though  if  the  cardlx>ard  be  thin,  and  close  down 
upon  the  magnet,  the  distinction  is  but  slight.  Then  again, 
the  iron  filings  themselves,  as  we  shall  see  presently,  modify 
both  the  direction  and  v.iliio  of  the  magnetic  force  in  their 
neighbourhood. 

There  is  anuthcr  way  in  wliich  the  magnetic  curves  may 
be  mapped  out.  Let  a  very  small  magnet  or  comiwss 
needle  be  so  suspended  as  to  be  free  to  move  in  any  direc- 
tion, and  let  it  be  brought  into  the  magnetic  field,  and  then 


no 
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moved  always  in  ihc  direction  in  which  eitlier  of  its  poles 
points.  If  the  course  of  its  inovLMiienls  from  different 
starting-points  in  a  plane  jiassing  tlirougl)  the  flat  magnet 
be  carefully  plotted  down  on  paper,  we  shall  gel  a  series  of 
lines  such  as  are  shown  external  to  the  magnet  in  Kig.  48. 
In  this  case,  the  lines,  except  so  far  as  they  are  disturbed 
by  the  presence  of  the  little  search  magnet,  are  the  actual 
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"  lines  of  force,"  since  the  plane  chosen  is  one  of  the  planes 
in  which  those  lines  lie. 

Faraday,  who  w.os  the  first  to  jioint  out  the  importance 
of  tliese  magnetic  curves,  thus  defines  them': — "By  mag- 
netic cur\'es,  I  mean  the  lines  of  magnetic  forces,  howe\er 
modified  by  the  juxtaposition  of  poles,  which  would  be 
depicted  by  iron  tilings  ;  or  those  to  which  a  very  small 
magnetic  needle  would  form  a  tangent." 

It  should  l)c  noticed  that,  as  far  as  the  surrounding  air  is 
concerned,  these  lines  all  begin  and  end  somewhere  on  the 
magnet,  and  this  is  a  property  of  all  lines  of  magnetic  force 

"  ■  Ex(>ctimcnt>l  Ketearchex,"  Serio  I.  (1831],  par.  114,  note. 
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due  to  permanent  magnets,  liut  not  necessarily  of  such  lines 
otherwise  produced.  It  should  also  be  noticed  that  ifiey 
stream  out  in  thick  tufts  frum  the  ends  or  poles  of  the 
magnet,  and  are  not  very  numerous  near  the  centre.  By 
drawini;  them  to  scale,  according  to  certain  rules,  we  can 
make  thcni  indicate,  not  only  the  direction,  but  also  the 
magnitude  of  the  forces  at  the  different  parts  of  the  mag- 
netic field  ;  the  general  result  l>eing,  that  where  the  lines 
are  close  together  the  force  is  great,  where  they  are  wide 
apart  it  is  feeble.  It  is  scarcely  necessary  to  point  out  that 
iron  filings  thrown  down  haphazard  cannot  give  this  quanti- 
tative delineation  of  the  field,  though  they  may  roughly 
indicate  it.  Fig.  4S,  which  is  drawn  to  scale,  does,  however, 
indicate  both  the  magnitude  and  the  direction  of  the 
forces. 

Since  any  line,  straight  or  curved,  has  two  directions  at 
every  point  of  its  course,  it  is  necessary  to  specify  the  direc- 
tion which  is  to  be  regarded  as  positive  for  our  lines  of  force. 
The  rons'ention  adopted  is  that  the  positive  direction  shall 
be  that  in  which  a  little  north-seeking  ])ole,  supj)osed 
isolated,  would  tend  to  move  if  jjlaced  on  the  line  under 
consideration.  Now,  we  know  that  one  north-seeking  pole 
repels  another,  and  therefore,  in  our  figures,  the  direction  of 
the  hnes  is  that  they  start  in  the  air  from  the  north-seeking 
poles,  and  end  at  the  south-seeking  poles.  We  might  indeed 
have  so  defined  them,  but  the  more  general  definition  is 
required  when  we  have  no  poles  in  the  field." 

As  n  study  of  these  curves  is  very  interesting,  we  give  a 
few  more  illustrations  of  them  as  mapped  out  by  iron  filings, 
most  of  the  figures  being  taken  from  Faraday's  "  Experi- 
mental Researches."     In  Fig.  49  we  have  two  bar  magnets 

'  It  should  also  lie  reinarkc<J  here  thai  the  magniluilc  uf  the  magnetic 
fnrce  itscU  at  nny  point,  is  (1eline<l  as  the  force  which  wonid  act  upon  a 
timt  qiuttitilf  of  north  magntlism  (fi-c  jage  105),  siip|>oseJ  placed  at 
the  [loint  without  diilurliing  the  force;  of  the  field. 
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with  tlieir  lengths  in  the  same  straight  line,  and  unfite  poles 
nearest  to  one  another.  The  lines  are  only  shown  for  the 
space  between  and  a  little  way  along  each  magnet.  Notice 
how  similar  the  curves  are  to  those  of  the  single  bar  magnet 
in   Fig.   47,   where  the  lines  were  also    passing    between 
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unlike  poles  placed  vcr\'  much  in  the  same  relative  posi- 
tions ;  and  the  curves  due  to  two  bar  magnets,  in  line,  with 
like  p<ilcs  adj.iceni,  can  be  inferred  from  an  inspection  of 
the  effcit  of  the  contiguous  poles  in  Fig.  51. 

But  the  bar  magnets,  instead  of  lieing  placed  in  line, 
may  be  place*!  parallel  to  one  another,  either  with  like  pole 
or  with  unlike  poles  close  together.  The  results  arc  shown  in 
Fig.s.  50  and  51.  Notice  how  the  lines  iSNuing  from 
the  two  similar  poles  seem  m  repc!  and  turn  aside  from 
one   another   in    .1  V."'   'iiriouii   wnv     •'■'■'■■   ^■■••v^     -.in-.^t 
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lo  gel  ;i  visible  picture  of  ihe  fact  that  there  must  be  re- 
pulsion between  two  poles  so  placed.  Also  notice  in 
Fig.  50  how  the  lines  issuing  from  a  pole  seem  to  run 
towards  the  unlike  neighbouring  pole,  suggesting  that  there 
must  be  attraction  between  these  poles. 

l.et  us  now  consider  briefly  some  of  the  lessons  to  be 
drawn  from  these  curves.  'i"he  magnetic  force  (or  force  on 
an  imaginary  north  pole  of  unit  strength)  at  any  point  in  a 


Fig.  so.  ^|g■5' 

MaRnetii:  Cutvcs  of  I'u-u  Parallel  Bar  Magnets. 

magnetic  field  due  to  permanent  magnets  can  be  calculated, 
for  smiple  cases  at  least,  approximately,  by  means  of  the 
rule  given  on  page  105.  This  rule  regards  tlic  action  as 
dependent  only  on  the  magnetic  strengths  of  the  various  so- 
called  poles  and  their  distances  apart ;  we  have  already 
I)ointed  out  some  of  its  drawbacks.  In  addition,  it  ignores 
altogether  the  part  which  the  intervening  ineiiium  may  be 
regarded  as  playing  in  the  transmission  of  the  action  from 
one  pole  to  another.  A  little  consideration  will  convince 
the  reader  that  direct  action  at  a  distance,  without  an  inter- 
vening ch.innel  of  communication  l)ctwceii  the  acting  bodies, 
is  logically  unthinkable.  I'here  musl  be  a  per/tctly 
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continuous  medium  interposed,  along  which  the  action  is 
transmitted,  as  a  rope  or  a  rod  transmits  a  pull  or  a  thrust 
from  an  acting  agent  to  a  body  acted  upon.  Or  the  action 
may  be  transmitted  by  means  of  waves  of  various  kinds  in 
the  interposed  medium  ;  the  medium  is  set  in  motion  by 
receiving  energy  from  the  acting  body,  waves  thus  started 
travel  through  the  medium  at  a  definite  speed,  and  part  of 
the  energy  may  produce  a  particular  eflfect  upon  a  distant 
body  against  which  tlie  waves  strike.  The  latter  method  is 
most  appropriate  to  the  transmission  of  energy  by  radiations 
of  ail  kinds,  such  as  those  of  sound,  of  light,  or  of  heat,  etc., 
the  energy  in  the  iiUerveuing  sjjace  being  in  the  form  of  a 
special  kind  of  wave  motion.  Bui  fur  all  kinds  of  steady 
actions,  where  we  are  concerned  j>rimarily  with  the  trans- 
mission of  force  rather  than  of  energy,  the  action  must  bu 
chielly  of  the  kind  first  specified.  Thus  in  the  case  of  the 
l)ull  of  a  magnet  on  a  little  iron  ball  hung  over  one  of  its 
poles  by  a  thread,  there  must  be  between  the  magnet  and 
the  ball  something  of  the  nature  of  a  rojK.-,  along  which  the 
pull  is  transmitted. 

We  have  good  reasons  for  believing  thai  the  soHKtInng  is 
the  same  ether  which  transmits  the  sun's  light  and  heat  to 
us  through  inier-planelary  space.  But  just  as  the  action  of 
the  ether  in  carrying  ihc  light  and  heat  waves  is  modified 
by  the  presence  of  particles  of  gross  matter,  so  is  its  action 
modified  in  the  magnetic  case  by  associating  with  it  the 
molecules  of  certain  material  sulistances,  amongst  which  iron 
stands  ]>rc-cminent.  Thus,  in  the  case  cited,  we  find  that 
the  pull  of  tile  magnet  on  the  ball  is  of  very  different  amount 
if  we  displace  llit  air  that  lies  between  by  a  lump  of  soft 
iron. 

Now,  if  iiur  magnetic  jiuIIh  and  puslit*  arc  transmitted  \ 
from  one  bixly  to  anoiher  t/troitxh  the  medium  which  sur- 
rounds the  l)odies,  that  medium  must  bo  in  a  atatc  of  strain 
when   transmitting  the  pnllt  ami   piii>hes.      To    Faraday 


•  ^* 


Action  of  tiik   Mhhiu.m. 


II- 


,  belongs  tlie  hunuur  of  first  clearly  grasping  and  ulilising  this 
view  of  magnetic  action.     Ily  its  aid,  when  he  had  once 
obtained  the  clue,  he  was  led  on  ra[)idly  to  his  splendid  dis- 
coveries in  magneto-electricity,  and  he  was  also  able  to  give 
hsimiile  explanations  of  the  previous  discoveries  of  Ampere 
Land  others.      Some  of   the  greatest   recent  advances  in 


Fig.  sa-— Effect  of  Soft  Iron  on  FicM  ^x^t^^en  Two  t/nlikc  Folu. 


1  electricity  have  been  due  to  the  application  of  his  method 

of  taking  into  account  the  action  and  modifying  influence  of 

the  ntedium.     Besides  recognising  the  general  character  of 

this  influence,  he  had  also  a  very  clear  idea  of  the  kind  of 

forces  that  set  up  the  i)arlicMlar  strains   which  exist  in  the 

I  tn.-ignetic  field.     The  impressed  forces  consist  of  tensions  or 

pulls  along  the  lines  of  force,   and  pressures  or  pushes  at 

I  right  angles  to  them.     Or  if  wc  were  to  consider  the  lines  of 

tforce  as  having  a  kind  of  individual  existence,  we  should 

[  regard  them  as  tending  to  grow  shorter  in  the  direction  of 
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their  lengths,  but  to  repel  one  another  sideways.     A  re- 
examination of  Figs.  47  to  51  will  show  how  this  method  of 

regardinj;  the 
lines  would  assist 
one  in  drawing 
the  various  dia- 
grams, and  wc 
shall  often  find 
it  convenient  to 
talk  of  the  lines 
as  if  they  were 
real  entities. 

But  lo  return 
lu  the  iiilluence 
of  the  mciiiimi. 
The  iron  filings 
may  again  be 
used  to  indicate 
the  nature  of  the 
modifications  uf 
t  he  magnelie  field 
due  to  the  intro- 
duction of  pieces 
of  unmagncliscd 
iron. 

If  ;i  rectangu- 
lar block  of  iron 
be  ])laced  in  a 
skew  |iusiliun  lie 
IwefU  the  |>oleS 
of  the  magnets  in 
I'A  *^''  K<-"'  t'"-'   ipiitiiriiiii  I.  >in>\Mi  in  [■  jg.  52.     Still  more 
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sinking  easts  ate  shown  in  I'ig.  5^5,  whieh  is  tlue  tit  Faraday. 
Here  A  U'lirescnls  the  original  stale  of  a  magnclit;  fielil  as 
nui[ipcd""iii  l'^  ir'in  Tillni'i.     ili.'  field  is  what  is  called  nHi/rrm, 
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the  filiiij;s  lying  evenly  in  fairly  i)arallcl  lines.  B  shows  the 
same  field  when  disturhcd  by  the  jircscnce  of  a  small  rod  of 
soft  iron,  and  C  represents  the  effect  of  introducing  a  disc 
of  nia^^netic  material  into  the  origiml  field  (.-/).  Notice 
in  all  cases  how  the  lines  seem  to  be  attracted  as  it  were  by 
the  soft  iron,  entcrinjj  in  at  one  part  and  emerging  at 
another.  Or,  to  put  it  in  another  way,  it  seems  as  if  the 
lines  found  it  easier  to  get  through  the  iron  than  through 
the  air,  and  as  though  they  tried  to  get  from  pole  to  [lole  by 
the  easiest  path.  This  latter  is  perhaps  the  better  way  of 
looking  at  the  facts,  and  wc  express  it  by  s.iying  that  the 
permfahility  of  the  iron  is  greater  than  that  of  the  air.  This 
term  pcrme.ibilily  was  long  ago  used  in  this  connection  by 
Sir  William  Thomsim  ;  a  still  more  modern  way  of  referring 
to  the  phenomenon  is  to  say  that  the  magnetic  reliic/aru'c  of 
the  iron  is  less  than  the  magnetic  reluctance  of  the  air. 

Wc  have  just  si>oken  of  the  lines  of  force  as  running 
through  the  iron,  and  in  Fig.  48  we  have  shown  the  lines  as 
running  right  through  the  material  of  the  magnet,  each  line 
forming  n  closed  ain't  -ivhkh  docs  not  cross  any  other  line. 
Arc  we  justified  in  doing  this,  or  do  the  lines  simply  start 
from  and  end  on  the  iron  and  the  magnets?  We  c.nnnot, 
of  course,  follow  the  lines  with  our  iron  filing.s,  or  our  search 
m.agnet  into  the  interior  of  the  iron,  but  two  experiments 
may  be  cited  here  as  supporting  the  former  view.  First,  if 
we  rut  cither  the  soft  iron  or  the  magnet  across  the  assumed 
direction  of  the  lines,  and  draw  the  pieces  a  little  bit  apart, 
wc  find  lines  in  the  gap.  This  is  not  conclusive,  as  their 
presence  there  might  be  otherwise  explained.  But  if  the 
lines  run  through  the  iron,  the  material  of  the  iron  should 
be  in  a  state  of  sir.iin,  or  more  strictly,  the  ether  within  it 
should  be  strained,  and  with  it  the  material  which  modifies 
its  action.  Now,  we  have  already  poinled  nut  that  when  n 
rod  of  iron  is  suddenly  magnetised  in  the  direction  of  its 
length,  it  becomes  slightly  longer,  .nnd  at  the  moment  of 


ti8 


The  Er.ecTRic  Cokkeitt. 


magnetisation  a  shaq^i  click  is  heard,  as  if  the  material  were 
being  strained.  Tlie  best  evidence,  however,  that  the  lines 
really  run  through  the  iron  is  based  upon  magneto-electric 
experiments,  to  which  we  shall  refer  later  on. 

In  this  way  of  looking  at  the  facts,  a  piece  of  magnetic 
material  is  magnetised  whenever  magnetic  lines  run  through 
it,  and  it  is  permanently  magnetised  if  these  lines  accom- 
pany it  when  it  is  moved  aljoiit. 

The  "  two-fluid  "  method  of  regarding  the  phenomena 
tends  to  the  same  result  as  the  "  lines  of  force  "  method,  if 
we  suppose  defmitc  quantities  of  the  north-seeking  fluid 
spread  over  the  parts  of  the  iron  where  the  magnetic  lines 
run  out  into  the  air,  and  similar  quantiiies  of  south-seeking 
fluid  spread  over  those  parts  where  the  lines  run  in  from  the 
air.  Hut  we  can  have  iron  very  highly  magnetised  without 
the  lines  going  out  into  the  air  at  all,  or  only  passing  through 
the  air  across  narrow  gaps.  It  is  useless  to  attempt  to  deal 
with  these  cases  by  the  two-fluid  theory. 

The  phenomena  of  induction  are  therefore  to  be  re- 
garded in  this  way.  Whenever  a  piece  of  iron  or  steel  is 
placed  in  a  magnetic  field,  however  produced,  it  gathers  up 
into  itself,  as  if  were,  a  much  larger  number  of  the  magnetic 
lines  than  passed  through  the  air  which  it  dis])laces.  It 
thus  becomes  in.ignctised,  and  has  the  so-called  polar  regions 
on  its  surface  where  the  lines  run  in  and  out.  It  is  found 
also  that  if,  while  it  is  in  the  field,  it  is  subjected  to  vibra- 
tion or  shock  of  any  kind,  such  as  the  blow  of  a  mallet,  it 
becomes  more  highly  m.ignetised,  and  more  magnetic  lines 
run  through  it.  Indeed,  the  total  number  of  lines  in  the 
field  may  in  this  way  be  considerably  incrcnsed.  Con- 
siderations surh  as  these  have  lc<l  to  the  most  recent  theories 
of  magnetisation  investigated  by  Professor  Hughes,  Pro- 
fessor Kwing,  and  trthcrs. 

According  to  Professor  Hughes,  a  piece  of  unmngnelised 
be  regarded  as  made  up  of  an  infinite  nunilxT  of 
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magnetised  particles,  each  carrying  a  number  of  lines  ol 
force.  But  the  whole  mass  appears  to  be  unmagnetised, 
because  these  magnetised  particles  and  their  lines  form 
closed  magnetic  chains  in.dJt'  ihc  iron,  and  none  of  the  lines 
leak  out  into  the  air  at  all.  There  can  thus  be  no  evidence 
of  magnetic  ijolarity.  If  this  piece  of  iron  be  now  placed  in 
a  magnetic  field,  the  magnetic  forces  of  the  field  tend  to 
lurn  the  magnetic  molecules  with  their  axes  in  the  direction 
of  the  lines  of  the  external  field,  and  if  the  molecules  are 
not  too  rigidly  held,  they  rotate,  and  the  closed  magnetic 
chains  inside  the  iron  are  opened  out.  This  i)rocess  is 
assisted  by  disturbing  and,  as  it  were,  freeing  the  molecules 
with  mechanical  or  physical  vibrations  or  shocks  of  any 
kind,  The  magnetic  lines  of  the  molecules  now  run  out  of 
the  iron  and  compleie  their  circuit  through  ihe  air  or  sur- 
rounding medium.  If,  when  the  iron  is  removed  from  the 
magnetic  field,  the  molecules  can  rotate  with  comparative  free- 
dom, and  ag.iin  close  up  their  magnetic  chains  inside  the 
iron,  the  m.ignetisation  is  only  ttmporitry.  This  is  the  rase 
with  soft  wrought  iron.  It  is  permanent  if  the  molecular 
rigidity  is  capable  of  retaining  the  molecules  in  the  direc- 
tions in  which  they  have  l)ecn  set  whilst  in  the  magnetising 
field.  Steel  has  the  necessary  molecular  rigidity,  and  hence 
can  be  permanently  magnetised. 

More  recently,'  Professor  Ewing  has  shown  that  most,  if 
not  all,  of  the  phenomena  of  magnetisation  and  magnetic 
induction  .ire  imitated  by  groups  of  small  magnets  placed  in  a 
magnetic  field,  whose  strength  is  gr.idually  increased.  The 
little  magnets  are  pivottcd  on  their  centres,  and  placed  quite 
close  together,  so  that  they  mutually  influence  one  another 
by  the  ordinary  magnetic  attractions  and  repulsions.  As 
the  strength  of  the  influencing  field  is  gradually  increased, 
the  external  magnetic  effect  of  this  group  of  little  magnets 
passes  through  very  much  the  same  vari.itions  as  docs  the 

'  PrtrffJhigi  of  Ihe  Koyat  Stuictf,  Vol,  48  ( I.S90),  {xigp  J^l. 
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cxtcrnnl  magnetic  effect  of  a  bar  of  soft  iron  similarly  placed 
in  a  field  of  magnetic  force  whose  strength  is  gradually  in- 
creased. What  these  changes  are  we  shall  describe  fully 
later  on  (page  155),  but  wc  would  here  point  out  that  Hughes 
and  Kwing,  as  well  as  many  other  philosophers,  begin  hy 
assuming  that  the  molecules  of  the  iron  arc  already  magnets, 
nnfl  explain  the  various  effccls  as  the  consequences  of  certain 
movements  of  the  molecules.  Some  scientists,  not.ihly 
Ami)ere  and  Lord  Kelvin,  have  gone  a  step  further 
back,  and  have  promulgated  theories  which  attempt  to  ex- 
plain how  it  is  that  the  molecules  are  already  magnets. 
Their  explanations  present  difficulties  which  experiments 
have  not  yet  removed,  and  which  lie  somewhat  beyond  the 
scope  of  this  work. 

Leaving  theories  on  one  side  for  a  time,  wc  projiosc  now 
to  devote  a  few  page?  to  the  remarkable  phenomena  which 
arc  usually  classed  together  under  the  title  of  terrestrial 
magiietiMtn. 

TRRRRSrRIAl,    M.^ONFTISM. 

Oik-  of  the  most  interesting  and  important  of  the  mag- 
netic fields  that  we  can  possibly  investigate  is  that  found  to 
exist  at  all  parts  of  the  surface  of  the  earth  on  which  wc 
dwell.  It  is  interesting  because  it  is  always  present  with  us, 
rca<ly  to  indicate  its  existence  at  all  times  when  sought  for 
by  proper  methods,  and  also  because,  although  some  of  its 
clTcris  have  been  known  now  for  hundreds  cif  years,  it  still 
presents  unsolved  problems  to  the  scientisL  And  it  is  im- 
portant because,  by  its  aid.  the  mariner  has  been  rcnderetl 
to  a  great  extent  independent  of  the  fitful  and  not  always 
obtainable  assistance  of  the  heavenly  bodies  in  guiding  his 
course  across  the  trackless  oceans. 

We  have  already  aferred  to  the  longest  and  best  known 
of  the  effects  of  this  ever-present  magnetic  field.  If  a  mag- 
netised sleel  needle  be  mounted  (asshr.ur.  In  I"i.r5   m  or  i.s 
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so  as  to  be  free  to  roLite  in  a  horizontal  plane,  one 
end  of  it  always  |>oints  in  a  northerly,  direction,  and  is 
usually  called  the  north-seeking,  or  more  shortly,  the  north 
pole  of  the  magnet.  But  this  is  not  the  only  effect,  for  if  a 
long  piece  of  steel  be  mounted  so  as  to  be  free  to  turn  alx>ut 
a  vertical  axis  (as  in  Fig.  54), 
ar«l  \te  mechanically  balanced 
before  magnetisation,  then  after 
it  is  magnetised,  its  north  jiole 
di/is  downwards  in  the  northern 
hemisphere,  and  in  some  planes 
the  needle  will  stand  vertically. 
Since  a  magnetised  rod  or  needle 
free  to  rotate  on  its  centre  always 
Sits  in  llie  direction  of  the  lines 
of  force  of  the  m.ignetic  field  in 
which  it  is  placed,  the  above 
facts  show  that  a  terrestrial  mag- 
netic field  does  exist,  and  that  tin- 
lines  of  the  earth's  field  are  not 

level,   but  are  more  or  less  in-  \/« 

clined  to  the  horizon.    Tlie  field,         Fig.  s^.-Dipping  NceJie. 
however,  is  too  weak  to  be  made 

manifest  by  means  of  iron  filings  in  the  usual  way.  Hut  its  gen- 
eral direction  in  these  islands  would  be  represented  by  a  series 
of  equidistant  parallel  lines  drawn  parallel  to  the  direction  in 
which  the  dipjiing  needle  sets  when  turned  so  as  to  be  free  to 
move  in  a  plane  parallel  to  the  horizontal  needle  or  compass. 
These  lines  would  therefore  trend  northwards ;  they  would  be 
inclined  to  the  horizontal  plane  at  an  angle  of  about  67  '. 

The  existence  of  the  field  ran  also  be  discovered  by  its 
inductive  action  on  soft  iron.  'I'hus  if  a  bar  of  wrought  iron 
be  held  parallel  to  the  Hipping  needle  when  set  as  just 
described,  it  will  be  found  that  the  lower  end  of  the  bar 
is  a  feeble  north  pole.     If,  however,  the  bar,  whilst  in  tK« 


The  Electric  CrsKE.vj; 


position,  be  stnick  with  a  mallet,  or  subjected  to  some  kind 
of  mechanical  shock,  it  fx.-comes  much  more  strongly  mag- 
netised. This  is  exactly  what  would  have  happened  if  the  bar 
had  been  put  into  a  magnetic  field  due  to  permanent  mag- 
nets and  similnrly  treated.     In  this  respect,  therefore,  the 


tic-  55.— Masnctisnlion  of  Iht:   K.irlh. 


earth's  field  is  exactly  analogous  to  (he  field  due  to  per- 
manent magnets  ;  any  difference  tan  be  in  degree  only,  and 
not  in  kind.  (lilbert  discovered  that  iron  could  be  magnet- 
ised in  this  way  by  the  action  of  the  earth  alone,  and  F'ig.  55 
is  taken  from  his  Ijook  "  Dc  Mngnelc."  It  represents  n 
blarksmith  hammering  a  rod  of  hot  iron  just  taken  from  the 
fire :  the  rod  is  being  held  in  a  north  and  south  direction,  as 
is  shown  by  the  words  "austcr"  (south)  at  the  door,  and 
"scplcnirin"  (north)  on  the  .ndjacent  po»t.  When  the  l)ar  is 
cooled,   and   the   hammering  finished,  it  is  found 
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magnetised,  with  a  nortli  pole  at  the  end  that  was  directed 
towards  the  north. 

Facts  such  as  these  led  Gilbert  to  propound  the  theory 
to  which  we  have  already  alluded,  that  the  earth  is  n  threat 
magnet,  and  by  aid  of  this  theory  he  was  able  to  explain  nil 
the  facts  of  terrestrial  magnetism  known  at  his  time.  Uiit 
the  |X)sitions  of  the  earth's  magnetic  poles  do  not  correspond 
with  those  of  the  poles  of  the  axis  of  rotation,  or  the  geo- 
graijhical  poles,  and  it  was  not  until  1S31  that  the  position 
of  the  magnetic  pole  of  the  northern  hemisphere  was  found 
by  Sir  J.  C.  Ross.  It  was  then  situated  in  Boothia  Felix,  to 
tJie  north  of  North  America,  in  latitude  70'  5'  N.,  and  lon- 
gitude 96°  46'  VV.,  and  was  more  than  1,000  miles  from  the 
geographical  pole.  The  magnetic  pole  of  the  southern 
hemisphere  has  never  been  reached,  but  observations  show 
that  it  must  be  situated  somewhere  on  the  great  ice  cap 
which  surrounds  the  geographical  south  |)ole.  Certain 
irregularities  in  the  distribution  of  the  magnetic  lines  in  the 
southern  hemisphere  were  once  supposed  to  indicate  that 
there  are  two  like  poles  situated  within  this  region,  but  it  is 
quite  possible  that  the  irregularities  are  due  to  local  disturb- 
ances, and  that  there  is  only  one  true  pole. 

The  Mariner's  Compass. — For  the  purpose  of  finding 
the  direction  of  the  cardinal  points  at  sea  when  the  sun  or 
the  stars  are  hidden  by  clouds,  a  particular  arrangement  of 
the  horizontally  balanced  magnetic  needle  is  employed. 
Such  a  needle  always,  when  at  rest,  sets  in  the  direction  of 
the  horizontal  component  of  the  earth's  magnetic  force,  or 
approximately  north  and  south.  The  line  along  which  it 
points  is  called  the  "magnetic  meridian/'  since  it  indicates 
the  direction  of  magnetic  north  just  as  the  geographical 
meridian  indicates  the  direction  of  the  geographical  or  true 
north.  But  needles  supported  as  in  Figs.  40  or  41  would 
be  useless  at  sea,  since  the  ship  on  which  they  are  placed  is 
liable  to  pitch  and  roll  in  every  imaginable  direction,     \ 
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special  kind  of  mounting  is  therefore  required,  and  some 
])ractical  details  are  added  for  tlie  purpose  of  facilitating  the 
reading  of  the  instrument. 

Fig.  56  represents  the  mounting  of  an  ordinary  "  ship's 
comp.nss."    The  needle  is  pivotted,  hy  means  of  the  cap  (C) 
attached  to  il,  near  the  mouth  of  a  hemispherically  shajwd. 
bowl    (B) ;  the  pivot  upon  which  C  rests  rises  from  the 

liottom  of  the  howl, 
which  is  heavily 
weighted  with  lead, 
so  as  to  lower  the 
centre  of  gravity  lic- 
low  the  line  on  which 
the  bowl  is  swung. 
The  bowl  is  suspended 
in  "gimbals,''  which 
consist  of  two  short 
.ixles  (XX),  on  the 
same  diameter,  swing- 
ing freely  in  two  holes 
or  l>earings  in  ihe  flat 
metal  ring  (RR);  this 
ring  in  its  turn  is  sup^jorted  by  two  other  short  axles 
(Y\')  placed  nt  the  ends  of  a  diameter  at  right  angles  to 
XX,  and  working  in  two  bearings  in  the  outer  ca.se.  The 
effect  of  this  system  of  mounting  is  that,  however  the  outer 
case  is  tilled,  the  mouth  of  the  bowl  remains  horizontal,  and 
the  pivot  vertical,  thus  counteracting  the  effect  of  the  rolling 
and  pitching  of  the  ship  on  which  the  compass  is  used.  The 
needle  itself  is  usually  concealed  by  a  circular  card  placed  over 
.ind  attached  to  it,  the  position  of  the  notlb-seeking  jiole 
of  the  needle  luidcrne.nth  the  card  being  indicated 
by  some  fanciful  device  such  as  is  seen  in  the  figure. 
The  rim  uf  the  card  tit,  lu  a  rule,  divided  into  degrees,  and 
also  lias  marked  on  it  the   thirty-two  ])oints  by  which  the 
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mariner  is  accustomed  to  designate  the  various  horizontal 
directions.  The  line  shown  on  the  inside  of  the  bowl  denotes 
the  direction  of  the  ship's  "  head  "  as  seen  from  the  pivot  of 
the  compass ;  conscqueiUly,the  direction  (magnetic)  in  which 


Fig.  57. — ThomMm's  (L'jrd   K<:h-in'»)  Conipo&s. 

the  ship  is  sailing  is  denoted  by  whatever  mark  on  the  card 
is  brought  by  the  movement  of  tiie  conipnits  opposite  this 
line. 

But  the  comiiass  just  described  is  far  from  bein^  perfect : 
amongst  other  disadvantages,  the  movable  part  (the  card 
and  needle)  is  so  heavy  that  a  fairly  large  friclional  error  is 
possible,  and  the  friction  at  the  gimbals  is  also  too  great  to 
keep  the  conipass-box  sufficiently  level.    'I'o  rcv\\ed>j  \V\«s,e, 
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and  other  defects,  Sir  Williain  Thomson  has  invented  a 
much  more  elaborate  compass,  which  is  now  widely  used. 
The  essential  parts  of  the  mounting  of  the  card  arc  shown  in 
i'igs.  57  and  58,  the  latter  figure  being  a  section  through 
the  supixirting  pivot.  There  is  a  central  boss  (<i)  with  a 
sajiphire  or  ruby  cap  (b)  resting  on  the  pivot  ;  to  this  boss  a 
liglit  .tluniinium  rim  (/)  is  attached  by  thirty-two  fine  plati- 
num wires  or  spokes  {cc),  each  one  of  which  passes  from  a 
hole  in  the  boss  to  a  corresponding  hole  in  the  rim.  The 
compass  card,  which  consists  of  the  circumferential  portion 
only  of  an  ordinary  compass  card  (i.e.,  the  portion  contain- 
ing the  marks),  is  supported  partly  by  the  rim  and  ()artly  by 
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the  spokes.  I'he  needles  are  eight  in  number,  placed 
jwtallel  to  one  another,  and  bound  together  by  the  fine 
pl.uinum  wires  {(e) ;  they  are  then  suspended  from  the  rim 
below  the  level  of  the  boss  by  means  of  the  four  fine  wires 
attached  to  holes  in  the  ends  of  the  two  extreme  magnets  of 
Ihe  set.  These  wires  are,  of  course,  attached  to  such  points 
of  the  rim  as  to  cause  the  niagncts  to  hang  jiarnllel  to  the 
north  anil  south  line  of  the  card.  In  this  way  a  very  light 
movable  card  an<l  magnetic  sy.steni  is  obtained.  For  in- 
stance, a  compass  10  inches  in  diameter,  wili<  8  needles 
fron»  ij  to  ,?  iiK-hes  long,  only  wcii;hcd  17.S  gr.iins,  and  at 
(.•lasgow  took  3.S  sc<-ynds  to  make  one  oscillation  when  dis- 
(urlicd  from  its  position  of  rest.  To  «liminish  the  friction  at 
t'  '    '     iliey  arc  swung  on  knife  edges  instead  of  on 

jnd  licarings,  and  to  still  further  steady  the 
ciMc  coniainmg  the  cuai]>as9,  a  large  lxt\Yl   ot    a  viseou» 
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liquid   is   attached   immediately  below  the  support  of  the 
pivot. 

We  must  not  leave  this  part  of  the  subject  without 
referring  to  a  difficulty  which  at  one  time  threatened  to 
very  seriously  impair  the  usefulness  of  a  corajxiss  when 
carried  on  an  iron  shij).  From  what  we  have  already  said 
(page  1 16)  it  will  be  easily  understood  that  the  mere  presence 
of  the  iron  of  the  ship  must  affect  the  magnetic  field  of  the 
earth,  to  the  directive  action  of  which  the  compass  owes  its 
value.  But  in  addition  to  this  it  must  be  remembered,  that 
whilst  luring  built  the  ship  was  placed  with  its  head  [X)inting  in 
a  definite  geographical  direction,  and  was  subjected  to  all 
kinds  of  mechanical  shocks  similar  to  those  to  which  Cilbcrl's 
blacksmith  (page  1  22)  treated  his  iron  on  the  anvil.  The  result 
is  the  same  in  the  two  cases,  namely  that  the  mass  of  iron, 
whether  ship  or  horseshoe,  becomes  magnetised,  and  in  the 
case  of  the  ship  this  magnetism,  unless  counteracted  in 
some  way,  must  seriously  affect  the  compass.  We  thus  see 
that  when  the  ship  is  sailing  \.\\K>n  any  particular  course  it  is 
a  somewhat  complex  magnet.  There  is.  first,  the  perman- 
ent magnetism  of  the  ship,  given  to  it  whilst  on  the  stocks  ; 
and,  secondly,  the  temporary  magnetism  induced  by  the 
earth's  field,  the  magnitude  and  direction  of  which  rela- 
tively to  the  com[)ass-box  will  depend  upon  the  direction  in 
which  the  ship  is  sailing.  The  problem  of  the  effect  (jf  the 
various  magnetisations  on  the  compass  is  a  complicated 
mathematical  one ;  it  was  solved  by  the  late  .Vstronomer- 
Royal,  Sir  (leorge  Airy,  who  indicated  how  comi)ens.iting 
magnets  might  be  placed  in  the  neighbourhood  of  the  com- 
p,iss-box.  Lord  Kelvin  has  invented  methods  for  placing 
and  adjusting  these  magnets,  and  determining  any  out- 
standing errors,  but  these  methods  are  too  elaborate  to 
describe  here.  .\s  an  additional  precaution  for  determining 
the  errors  of  the  steering-compass,  it  is  customary  to  have 
a  special  compass  mounted  at  the  lop  of  a  show  -^QcAitv^. 
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mast,  so  as  to  be  as  far  away  as  possible  from  the  iron  of 
the  ship. 

Declination.  — \Vc  have  seen  that  the  magnetic  poles 
do  not  coincide  with  the  geographical  poles,  and  as  the 
comjjass  needle  always  points  towards  the  former,  it  is 
evident  that  only  over  a  limited  area  of  the  earth's  surface 
will  the  needle  point  to  the  true  north.  These  places  ■will 
manifestly  be  situated  where  the  true  and  the  magnetic 
poles  in  the  same  hemisphere  appear  approximately  in  line 
with  one  another.  At  all  other  places  the  magnetic 
meridian  will  make  an  angle  with  the  geographical  meridian, 
and  the  magnitude  of  the  angle  will  depend  upon  the  rela- 
tive positions  of  the  place  and  the  true  and  magnetic  poles. 
This  angle  is  call  the  declinalion,  or  sometimes  the  varialion 
of  the  needle,  and  is,  briefly,  the  angular  error  by  which  the 
north  indicated  by  the  compass  needle  is  distant  from  the 
true  north.  The  fact  of  the  declination  was  known  from 
very  early  limes,  but  the  discovery  that  it  was  different  at 
different  parts  of  the  earth's  surface  was  made  by 
Columbus. 

As  the  declination  varies  from  place  to  place,  and  at 
some  i)arts  of  the  earth  is  a  considerable  angle,  it  is  very 
essential  that  the  navigator  should  know  its  value  for  the  par- 
ticular place  at  which  he  is.  Magnetic  surveys  have  therefore 
been  carefully  made  all  over  the  navigable  oceans,  and  the 
declination  determined  at  a  sufficient  number  of  points,  to 
allow  the  results  to  be  embodied  on  the  charts  in  addition 
to  the  other  information  contained  thereon.  To  determine 
the  declination,  it  is  necessary  to  find  the  true  north  by 
astronomical  observations,  and  compare  its  position  with 
the  magnetic  north  as  indicated  by  the  compass.  The  way 
in  which  ihe  results  are  recorded  for  reference  is  as  fullows: 
A  numbei  of  points  at  which  the  declinations  arc  all  of  the 
same  value  arc  found,  and  these  points  arc  joined  by  a  line 
on  the  chart,  the  value  of  the  [jartiailar  declination  being 
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marked  on  the  line.  Then  another  series  of  points  is  found, 
all  having  the  same  dcrlinalion,  i)Ut  of  a  different  value  from 
that  first  obtained.  These  are  plotted  down  and  joined, 
and  then  other  lines  are  similarly  drawn.  In  this  way 
the  chart  finally  contains  a  number  of  lines  along  each  of 
which  the  declination  h.us  a  definite  value,  which  is  recorded 
on  it.  Such  lines  are  known  as  isogonic  lines,  or  iso 
gonals,  or //««  of  ti/ual  dalinatioH. 

(in  the  following  page  we  give  a  chart  on  Mercator's 
projection,  showing  these  isogonals  for  all  parts  of  the 
habitable  earth  and  navigable  oceans.  The  lines  indicating 
easterly  declination  are  dotted,  and  those  specifying 
westerly  declination  are  drawn  full.  It  will  be  noticed  that 
the  line  of  20  West  declination  crosses  Fngland  from 
Bristol  to  the  mouth  of  the  Wear,  whilst  the  line  of  25 ' 
West  declination  passes  through  the  west  of  Connaught 
and  through  the  Hebrides.  Between  these  two  lines  the 
declin.ition  has  values  lying  between  20  W.  and  25  W. 
There  are  two  main  lines  of  no  variation,  that  is,  lines 
along  which  the  compass  |)oints  to  the  true  geographical 
north.  One  of  these  passes  clown  through  Canada  and  the 
lake  district  of  North  Anieric.i,  through  the  United  .States, 
the  West  Indian  Islands  and  Brazil  into  the  Southern 
Ocean.  The  other  passes  down  through  European  Russia, 
a  little  to  the  east  of  St.  Petersburg,  through  Persia, 
across  the  Indian  Ocean,  and  the  western  corner  of 
Australia.  There  is  also  a  curious  loop  of  no  varia- 
tion, embracing  Kastern  .Siberia,  Japan,  and  a  large 
portion  of  China.  Wherever  a  line  of  no  variation  is 
crossed,  the  variation  changes  from  easterly  to  westerly, 
or  vice  vena. 

The  lines  on  the  chart,  however,  only  show  the  general 
trend  of  the  "  isogonals."     But   even  there  it  will   be  seen 
that  the  regular  flow  of  the  lines  from  one  magnetic  pole  to 
the  other  is  seriously  disturbed  over  large  secivow?.  cA  \!t\t 
J 
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earth's  surface.  In  addition  the  lines  are  affected  by  smaller 
"  regional  "    disturl)ances   and    still    smaller   "  local ''   dis- 
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turbanccs.       These   minor  disturbances   have   been    vcrj- 
laboriously  investigated  by  Professors  Riicket  a.wd.  'V\\w\>t 
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in  a  recent  research,'  in  which  they  mode  a  nunute 
magnetic    survey    of  the    British    Isles.      The   true   iso- 

gonals  for  the  year  iSS6  are  shown  in  Fig.  60,  which  is 
rejjroduced  from  one  of  their  maps.  T\\c  lines  do 
not  go  straight  across  the  country,  as  might  be  inferred 
from  the  foregoing  chart,  hut  are  irregular  in  shape,  merely 
following  the  general  direction  of  the  lines  on  the  chart. 
From  a  study  of  the  geology  of  the  districts  where  dis- 
turbances occur,  Professors  Ruclcer  and  Thorpe  make  the 
important  deduction  that  these  disturbances  are  due  to 
"  the  presence  of  crystalline  rocks,  and  especially  of  basalt, 
either  visible  on  the  surface,  or  corKealed  by  superimposed 
masses  of  sedimentary  strata."  It  is  thus  rendered  probable 
that  the  larger  disturbances  depicted  in  Fig.  59  are  due  to 
similar  causes  on  a  vaster  scale. 

Dip  or  Inclination. — The  dipping  needle,  when  free 
to  move  in  a  vertical  plane  containing  the  magnetic  meri- 
dian, makes  a  dclinite  angle  with  the  horizontal  plane;  this 
angle  is  called  the  dip  or  the  inclination.  If  the  vertical 
plane  in  which  the  needle  moves  is  not  that  containing  the 
magnetic  meridian,  the  angle  is  always  greater,  and  when 
the  jilanc  of  movement  lies  magnetic  east  and  west,  the 
dipping  needle  will  point  vertically  downwards,  l)ccause  in 
this  plane  the  vertical  direction  is  the  one  which  most 
nearly  corresponds  with  the  actual  direction  of  the  lines  of 
magnetic  force.  It  should  be  remembered  that,  before 
magnetisation,  the  dipping  needle  is  balanced  as  perfectly 
possible  on  its  pivots,  so  that  the  whole  of  the  "  dip  " 
fjnll  be  due  to  magnetic  forces  only.  In  the  plane  of  the 
mfridian,  as  we  have  already  remarked,  the  dipping  needle 
lies  along  the  terrestrial  lines  of  force. 

The  value  of  the  dip  varies  with  the  position  of  the 
place  of  observation,  and  to  determine  it  accurately,  a  needle 
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is  used  which  is  more  elaborately  mounted  than  thai  shown 

in  Fig-  54- 

A  simple  form  of  the  "  dip  circle,"  as  it  is  called,  is 
illustrated  in  Fig.  6i.  A  long  magnetised  needle,  a  l>,  is 
niounted  so  as  to  be  free  to  turn  in  a  vertical  [>Iane  round  a 
horizontal  axis,  ///,  and  its  position  is  read  off  on  the  vertical 
circle  A'n.  The  frame  containing  the  needle  with  its  pivots 
and  circle  can  be 
rotated  alwut  a  verti- 
cal axis,  and  its  angular 
position  read  off  on 
the  hori/ontal  circle 
A',,  by  means  of  the 
vernier  «.  Finally  the 
whole  instrument  is 
mounted  on  levelling 
screws,  and  when  used 
is  carefully  levelled  by 
the  aid  of  the  spirit- 
level  seen  immediately 
beneath  the  vertical 
circle. 

By  using  such  an 
instrument,  the  values 
of  the  "dip"  can  be 
found  at  various  points 
on  the  surface,  and  the 

results  [ilotted  down  on  the  maps  in  a  similar  way  to  that 
adopted  for  the  varying  values  of  the  "declination."  That 
is,  places  where  the  "  dip "  is  the  same  are  joined  by 
a  line  marked  with  the  value  of  the  dip,  and  called  an 
hoclinic.  These  lines  are,  as  a  rule,  at  right  angles  to  the 
isogonals,  and  are  subject  to  similar  irregularities.  The 
line  of  nil  inclination  along  which  the  needle  sets  liori/ont- 
ally  lies   irregularly  in  the  neighbourhood  of  the  e«}xa.V.w. 


Fig.  61.     Dip  Circle. 
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As  we  recede  from  this  line,  the  dip  increases ;  in  the 
northern  hemisphere  the  north-seeking  end  of  the  needle 
dips  downwards,  and  in  the  southern  hemisphere  the  south- 
seeking  end.  At  the  magnetic  jwles  the  dipi^ng  needle 
stands  vertical  in  all  i)lanes.  The  dipping  needle  when  pro- 
perly adjusted  shows  the  actual  direction  of  the  lines  of  force 
cf  the  Earth's  Field  ^\.  the  place  of  observation. 

Magnetic  Force. —The  complete  knowledge  of  the 
magnetic  field  of  the  eatlh  at  any  point  involves  the  de- 
termination of  the  magnitudi  as  well  as  the  direction  of  the 
magnetic  force  at  that  |>oint.  This  determination  of  the 
magnitude  of  the  earth's  magnetic  force,  or,  as  it  is  some- 
times called,  iJic  "  intensity  of  tcrrestri.il  magnetism,"  can  be 
effected  in  several  w.iys.  All  these,  however,  are  soniewhat 
complicited,  and  a  full  descrijition  of  any  oneof  them  would 
lead  us  beyond  the  limits  laid  down  for  this  book.  A 
method  frequently  used  in  England  consists  in  first  observ- 
ing the  effect  of  a  stationary  magnet  on  a  little  compass- 
needle  controlled  by  the  earth's  field,  and  afterwards  sus- 
pending the  former  magnet  horizontally  by  a  thread,  and 
noting  the  time  of  an  oscillation  when  under  the  action  of 
the  earth  alone.  The  first  observation  gives  the  ratio  of 
the  iiiagttelic  moment  of  the  deflecting  magnet  to  the 
magnetic  force  of  the  earth ;  the  second  gives  a  result 
depending  upon  the  product  of  these  two  quantities.  By 
combining  the  two  results,  therefore,  the  values  of  both 
quantities  can  be  ralculated.  Like  the  declination  and 
the  dij),  the  value  of  the  magnetic  force  varies  from  place 
to  place. 

The  Magnetic  Elements.  —  The  three  quantities  to 
which  wc  have  just  referred,  namely  :■  — 

(i)   The  declination, 

(3)  The  dip,  or  inclination, 

{7,)  The  magnetic  force, 
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arc  usually  known  as  the  "  magnetic  elements,"  and  the 
daily,  or  hourly,  or  even  more  frequent  determination  of 
them  is  one  of  the  chief  objects  of  the  numerous  magnetic 
observatories  that  are  now  scattered  over  the  face  of  the 
globe.  This  is  rendered  necessary  by  the  fact  that  not 
only  are  the  values  of  each  of  them  different  in  different 
places,  but  also  because  these  values  are  themselves  subject 
to  rather  complicated  variations  from  year  to  year,  from  day 
to  day,  and  even  from  one  hour  to  another.  Indeed,  the 
direction  in  which  a  compass-needle  points,  and  which  in 
early  days  was  regarded  as  so  fixed  that  its  invariability 
became  symbolical  of  constancy,  turns  out  on  a  more  exact 
and  fuller  investigation  lo  be  one  of  the  most  variable 
factors  in  the  whole  range  of  physical  quantities.  It  and 
its  conifjanion  elements  are  in  a  continual  state  of  ebb  and 
flow,  under  the  action  of  laws,  the  full  meaning  of  which  we 
are  yet  far  from  understanding.  For  convenience  these 
variations  may  be  grouped  in  four  categories  ; — ( i )  secular, 
(2)  annual,  (3)  diurnal,  (4)  irregular — which  we  shall  briefly 
consider. 

Variations    of  the  Elements.- (1)   Sa-u/ar.    The 

values  of  the  declination  and  inclination  at  any  place  at 
which  there  are  records  going  back  two  or  three  hundred 
years,  are  very  different  to-day  from  what  they  were  when 
first  accurate  measurements  were  taken.  Thus,  observations 
made  in  London  about  the  year  1580  gave  the  declination 
as  11"  17'  East,  whereas  it  i.s  now  17  j^\'-^  West ;  and  the 
inclination,  whicli  was  then  71  '  50',  is  now  only  67"  31 '2. 
In  the  interval  the  declination  has  been  as  great  as  34°  38' 
West  (in  1818),  and  is  now  slowly  diminishing.  In  1657 
there  was  no  declination,  the  needle  in  London  then  point- 
ing due  north.  Similarly  the  inclination  has  lx:en  as  high 
las  74"  42'  (in  1720),  and  is  now  diminishing.  The  foUow- 
I  ing  table  gives  a  few  of  the  values  that  have  been  recorded 
from  time  Xo  lime  : — 
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Vear. 

Declination. 
11*  17'  East 

IncUftation. 

1576 

7.°  so" 

1600 

— 

72" 

1622 

6"  12'    „ 

1657 

0"    0' 

n'^yi 

1692 

6"       0'    \\c^l 

— 

1720 

13"       0' 

74"  4a' 

I74S 

17"    40' 

— 

iSoo 

24"      6' 

72°    8' 

1818 

24"  3»' 

70"  jo' 

'X 

24"      2' 

69"  Jtf 

21"  40' 

68"  \^ 

IS84 

j8«'    7'-6 

67"  30' 

1891 

17"  4"  -9 

67"  3«'-» 

An  examination  of  this  table,  which  is  similar  to  the 
tables  for  other  places  though  the  actual  values  are  dif- 
ferent, reveals  two  points  of  interest.  I'irst,  that  the 
changes  are  of  the  nature  of  an  oscillation  to  and  fro  about 
some  mean  position  ;  and,  secondly,  that  the  period  of  a 
complete  oscillation  is  so  long  that,  although  t))e  table  extends 
over  more  than  three  hundred  years,  the  earliest  values  have 
not  yet  recurred.  If  we  assume  that  the  geographical 
meridian  marks  the  centre  of  the  oscillation,  then  a  quarter- 
swing  of  the  declination  occupied  161  years  (from  1657  to 
1 81 8),  which  gives  664  years  for  the  complete  period.  The 
assumption,  though  jjrobablc,  must  not,  however,  be  regarded 
xs  proved.  'I'hese  changes  have  been  usually  explained  as 
being  caused  by  a  slow  rotation  of  the  magnetic  pole  round 
the  geographical  pole,  Hut  recent  r  oinparisons  by  Captain 
Creak'  of  the  magnetic  maps  of  the  world  for  iS4oand  iSSo 
show  ihal  ihiTC  is  no  rvidfnre  of  the- motinn  of  the  niagi\cti<: 
poles.    The  proximate  eause  of  the  variation  is  still  a  mystery. 

(a)  Annual  Variations.  —Superposed  ujKjn  the  above 
long-period  changes,  there  arc  much  smaller  changes,  which 
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go  through  a  complete  cycle  in  the  course  of  a  year,  and 
seein  to  depend  upon  the  position  of  the  sun  with  respect  to 
the  equator.  Thus  in  the  northern  hemisphere  the  declin- 
ation is  at  a  niaximinii  distance,  to  the  East  of  its  average 
value  for  the  year,  in  the  month  of  February,  whilst  in  the 
months  of  July,  August,  or  September  (according  to  the 
position  of  the  observing-station),  it  is  a  maximum  distance 
to  the  Wat  of  the  average  value.  The  changes  in  the 
southern  hemisphere  are  similar,  but  op])ositc  in  direction. 
The  variation  is  small,  seldom  exceeding  one  or  two 
minutes  of  arc  from  the  mean  value  for  the  year;  never- 
theless it  is  quite  distinct  and  periodic. 

(3)  Diurnal  Variations. — The  hourly  position  of  the  sun 
with  respect  to  the  place  of  observation  also  affects  the 
magnetic  elements.  It  will,  perhaps,  suffice  to  briefly 
describe  the  effect  on  the  declination  in  Europe.  At 
9.45  a.m.  and  6  p.m.  (local  time)  the  compass-needle  is  in 
its  mean  position  for  the  whole  day,  but  between  these  hours 
in  the  day-time  it  lies  to  the  West  of  the  mean  position, 
and  in  the  night-time  to  the  East.  The  needle  lies  furthest 
to  the  West  about  i.o  p.m. ;  the  time  of  greatest  Easterly 
variation  is  more  variable,  changing  from  about  10  p.m.  in 
winter  to  7  a.m.  in  summer.  The  average  variation  for  a 
single  day  is  about  9*5  minutes  of  arc,  but  is  greater  in 
summer  and  less  in  winter. 

As  we  have  pointed  out,  both  the  annual  and  the  diurnal 
variations  arc  solar  effects,  and  it  is  interesting  to  note  in 
passing,  that  a  small  set  of  variations  due  to  the  moon  has 
also  been  traced  by  Kreil  ;  the  discussion  of  these  would, 
however,  lead  us  beyond  the  limits  at  our  disposal. 

(4)  Inrgular  Varia/ioiis. — In  addition  to  the  above 
regular  variations  of  the  magnetic  elements,  there  occur 
from  time  to  lime  sudden  disturbances,  whose  magnitude 
and  direction  have  not  ycl  been  referred  to  any  regular  laws. 
The  fact,  however,  that  they  are  absolutely  siavuVXMvcQW^ 
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at    very  distant  stations  seems  to   indicate   thai   they  ar 
due  to  influences  outside  the  earth.     Attempts  have 
made   to  ascertain  whether  these    "  magnclit:  storms," 
they  are  called,  follow  any   definite  law  with  regard  to  the 
fre<}uency  and  time  of  their  appearance,  but  a  discussion 
some  of  the  tentative  results  obtained  would,  we  fear, 
wearisome  to  our  readers.     It  is,  however,   of  interest  tfl 
note  that  the  ajjpearance  of  an  aurora  is  usually  accom- 
panied by  a  magnetic  storm. 

Electro-Mag'netlsm. 

The  discovery  of  Oersted  {sec  page  15)  in  1820  that 
conductor    carrying    a    steady   electric   current  affected 
magnetic  needle  placed  near  it,  w.is  soon  followed  by  othc 
discoveries   which    proved    that    the  current-carrying,  con 
ductor  had  magnetising  properties.     It   is   to   these   mag 
netising  properties   that    we   propose   to    refer   p.nrticularW 
now,  leaving  over  the  general  consideration  of  the  magnctia 
action  of  the  current  to  a  subseiiucnt  section. 

In  1820,  .'\rago,  guided  by  Ampere's  theory,  which  ha4 
just  been  published,  showed  that  a  steel  needle  could 
magnetised  by  placing  it  inside  a  spirally  twisted  wire  alon 
which  a  current  was  flowing.     He  also  found  that  if  th4 
discharge  of  a  Leyden  jar  was  passed  through  the  sjjir 
the  enclosed  needle  was  magnetised.     Davy,  almost  simul 
taneously  (in  November,  1820),  observed  the  same  effect 
and  also   that  if  a  wire  carrying  the   current   of  a  lar; 
battery  were  dipped  in  iron  filings,  the  filings  hung  in  chair 
around  it. 

Of  the  exi)erimenters  above  referred  to,  .Ampere's  wor| 
was  singularly  complete,  both  experimentally  and  mathc 
maticaily.  (lUidcd  by  Oersted's  discovery,  he  infc 
that  if  a  ste.idy  nirrent '  mechnnirally  affoctcd  a  magne 

'  The    wonl  •■aifrcnt"    it   bcrc    uvn)    luicfly    for    "  romlfl 
OMnyJlic  a  cuncnt." 
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icn  a  magnet  must  mechanically  affect  a  steady  current 
mounted  as  to  be  free  to  move.     This  he  showed  was 

actually  the  case.  He  then  passed  further,  and  showed  by 
series  of  masterly  experiments  that  there  is  a  mechanical 
tioD  between  steady  currents  placed  near  one  another. 

iVith  this  latter  discovery  we  are  not  just  now  concerned, 

but  a  particular  case  of  the  previous  work  is  interesting. 

Since  the  earth  is  a  big  magnet,  it  should  act  mechanically 
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a  freely  suspended  wire  carrying  a  current.  This  is 
best  shown  where  the  wire  is  twisted  up  into  a  spiral  tul>e, 
soltHoidy  as  in  Fig,  62.  The  arrow-heads  arc  intended 
indicate  the  dirertion  of  the  current,  and  those  placed  on 
the  spirals  are  supposed  to  be  on  the  front  parts  of  the 
wires.  If  a  spectator  were  to  stand  at  the  end  S  of  the 
glenoid  and  look  along  the  axis,  all  these  currents  would 
ppear  to  him  to  be  circulatmg  round  the  axis  in  a  clockwise 
Srection.  The  solenoid  is  so  constructed  that  it  ran  I)c 
J&pended  from  the  mercury-<rups  A  and  />',  which  are  con- 
Ected  to  the  positive  and  negative  poles  of  a  battery  by 
be  wires  C  and  /.  This  leaves  it  free  to  rotate  round  the 
vertical  line  thrriugh  A  and  /i,  and  it  is  found  that,  if  there 
nti  magnets  near,  the  axis  of  the  solenoid  n«\\\  scV  wv. 
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the  magnetic  meridian  with  the  end  .V pointing  towards  thi 
north  magnetic  pole.     The  solenoid  with  its  current 
haves  just  like  an  horizontal  compass-needle.     In  fact 
has  all  the  i)roperties  of  a  rather  feelile  magnet.     Thus,  if 
the  north  pole  of  a  bar  magnet  be  brought  near  N  (Fig.  63), 
the  latter  will  be  repelled  ;  whilst  it  will  be  attracted  by  t 

south  ))ole  of  the  bar  magn^ 

It  is  very  important  to 
remember  the  relation  b 
tween  the  direction  of 
current  in  the  spirals  an^ 
the  magnetic  actions  mani- 
fested at  the  ends  of  the 
solenoid.  Many  mnemo 
ical  rules  have  been  given  ft 
this  purpose,  but  it  w 
suffice  if  we  quote  the  pi 
ticular  one  of  these  which 
we  think  is  most  exsily 
mcmbered,  and  which 
applicable  to  a  great  nu 
ber  of  cases.  It  is  knov 
as  the  "  corkscrew  rule,"  and  is  as  follows  : — If  the  atrrent_ 
be  supposed  to  circulate  in  the  spirals  of  a  corkscrew 
the  direction  of  rotation  of  the  screw,  the  direction  of  t 
ma)^nelic  lines  along  tlu  axis  will  be  that  of  the  line 
advance  of  the  corkscrew.  Now  tlic  magnetic  lines  cmc 
from  n  magnet  at  the  north  pole,  and  therefore  in  t 
above  case  \\\fi  fommrd-moving  end  of  the  screw  (whethi 
front  or  l)ack)  will  art  as  north  pole.  The  rule  is 
illustrated  in  Fig.  6.4,'  in  which  little  arrows  show  the 
direction  of  the  current  If  the  corkscrew  be  turned  in 
this  direction  it  will  move  downwards,  and  the  rule  tells  us 

'  TakcTi  rtniM  l'r<<r.  .\yrtuiiS  "  Fmclical  Elcuicleil)." 
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that  this  is  the  (lireclii)n  of  the  maynclic  Hnes  along  the 
axis ;  consdiuently  if  a  piece  of  iron  be  placed  along  the 
axis  as  shown,  it  wilt  In 
magnetised  so  that  ii.i 
lower  end  is  a  north- 
seeking  pole. 

The  discovery  that 
in  the  magnetising  action 
of  a  current,  which  could 
be  started,  stopjied,  or 
reversed  at  pleasure, 
there  lay  the  power  of 
mn'king  or  unmaking  a 
mngnet,  or  reversing  its 
polarity  as  often  as  might 
be  desired,  was  due  to 
William  Sturgeon,  who 
also  showed  that  such 
magnets  could  be  made 
much  more  powerful 
than  steel  magnets  of 
the  same  size  and  weight. 
This  latter  effect  was 
produced  by  pl.icing  in- 
side the  spirally  wound 
conductor  large  reds  or 
bars  of  iojl  iron,  insle.id 
of  the  sttel  needles,  em- 
ployed by  Arago  and 
Davy.  We  have  .ilready 
seen  that  soft  iron  is 
capable  of  being  highly  magnetised  by  induction  when 
placed  in  a  magnetic  field,  but  that  when  it  is  removed  from 
the  field  (or  the  field  from  it)  it  retains  very  little  trace  of 
permanent  magnetisation.     Now,  as  wo  have  just  seen,  an 
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electric  current  flowing  round  the  coils  of  a  spirally  wound 
conductor  sets  up  a  magnetic  field  in  the  enclosed  and 
surrounding  space.  When  the  current  is  stopped,  the  mag- 
netic field  disappears.  If,  therefore,  a  bar  or  rod  of  soft 
wrought  iron  be  placed  in  this  field,  this  bar  will  be  a 


Fig.  65. 


Sturgeon'*  RtecirO'Tnagnei.         Fig.  C4. 


magnet  as  long  as  the  current  flows,  but  wilt  retain 
very  little  evidence  of  magnetisation  when  the  current  is 
turned  off. 

In  a  paper  published  in  the  Transactions  of  the 
Society  of  Arts  for  1825,  Sturgeon  describes  two  electro- 
magnets which  he  exhibited  at  a  meeting  of  the  Society. 
One  of  these,  of  which  front  and  side  views  are  shown  in 
P'igs.  65  and  66,'  consisted  of  a  bar  of  iron  one  fool  long 
and  half  an  inch  in  diameter,  bent  into  the  shape  of  a  horsc- 

'  For  Figs.  65,  66,  tad  67.  taken  from  the  Transacthn}  «f  tk» 
Sffcitiy  1^  .Irii  iat  18x5,  I  im  indcblol  to  Dr.  Silvanut  I*.  Tliumpion.J 
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shoe.  This  bar  was  varnished  and  then  overwound  with  a 
spiral  of  stout  uncovered  copper  wire.lhe  ends  of  whichdipped 
into  the  two  wooden  cups  Z  and  C  containing  mercury. 
Near  the  cup  Z  was  a  similar  cup  Z',  into  which  one  of  the 
wires  from  the  battery  dippped,  the  other  wire  from  the 
battery  being  led  into  the  cup  C.  Sturgeon  used  a  special 
form  of  battery,  similar  to  <■ 
Hare's  dertagrator  (p.  36). 
On  joining  the  cups  Z  and  Z' 
with  the  wire  ti,  the  circuit  of 
the  battery  was  completed, 
and  a  fairly  large  current 
flowed  round  the  coils  of  the 
spiral  ;  it  was  then  found  that 
a  total  weight  of  nine  jwunds 
could  be  sustained  by  the 
traction  of  the  poles  N  S  of 
the  horse-shoe.  As  the  iron 
of  the  magnet  only  weighed 
about  sni^n  ounces,  this  was 
much  in  excess  of  the  weight 
that  could  be  sustained  by  any 
magnet  of  equal  mass  previously  made.  1  n  the  side  view  (Fig. 
65)  the  poles  are  rc[)resL-nted  as  sustaining  a  |)iecc  of  iron,  y 
If  the  current  from  the  battery  enters  the  spiral  from  the  cup 
C,  then  it  will  flow  in  a  counter-clockwise  direction  round 
the  iron  as  seen  from  N,  and,  consequently,  according  to 
the  rule  already  given,  the  end  N  of  the  coil  will  be  a 
north  magnetic  pole,  the  other  end  being  south.  Sturgeon 
remarks  that  the  polarity  of  the  iron  can  be  reversed, 
.either  by  winding  the  spirals  round  in  the  opposite  direction, 
or,  more  simply,  by  reversing  the  connections  of  the  mag- 
netising iqjiral  with  the  battery  by  interchanging  the  battery 
wires  that  dip  into  the  cui)S  Cand  /'. 

For  convenience  of  slipping  bars  of  iron  or  steel  into  a 
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magnetising  spiral,  Sturgeon  nioutUed  .1  siruight  solenoid 
(Pig.  67)  in  a  similar  manner.  AVhen  a  current  (lows  in  this 
spiral,  it  "  communiratcs  magnetism  to  hardened  steel  bars 
as  soon  as  they  are  put  in,  and  renders  soft  iron  within  it 
magnetic  during  tiic  time  of  action."  The  letters  iVand  S 
refer  to  the  polarity  produced   by  a  current  entcrinj;  at  C 

and  leaving  at  Z 

In  order  10  understand 
the  foregoing  actions  more 
clearly,  it  is  necessary  to 
have  some  idea  of  the  kind 
iif  magnetic  field,  as  speci- 
fied by  the  direction  and 
number  of  lines  of  force, 
which  exists  in  the  neigh- 
bourhood of  a  conductor 
carrying  a  cuncnt.  These 
lines  were  first  mapi)ed  out 
by  Faraday  in  the  manner 
already  described  with  refer- 
ence to  permanent  magnets,  and  the  following  figures  are 
taken  from  one  of  his  papers,  dated  1851,  in  which  he  sums 
u|)  many  of  the  results  of  his  work  during  the  preceding 
twenty  years. 

Taking  the  simplest  case  of  all,  that  of  a  straight  con- 
ductor carrying  a  current.  Fig.  68  shows  the  magnetic  field 
as  mapped  out  by  iron  filings  spread  on  a  plane/^r/cn/Z/W/Zar 
to  the  current.  The  wire  carrying  the  cuncnt  is  supimsctl 
to  pass  at  right  angles  through  the  paper,  and  the  filings  are 
seen  to  arrange  themselves  in  paths  which  are  circular  with 
the  wire  as  a  centre.  More  careful  experiment  shows  thai  ^ 
the  lines  are  true  toncnitric  circUs,  the  common  centre  being 
the  intersection  of  the  axis  of  the  wire  with  the  fwpcr.  The 
connection  between  the  direction  of  the  current  and  the 
direction   of   the   lines  of  force  can   l..-   r.-m. nI..  r,  ,i    hv 
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another  ap])lication  of  the  corkscrew  rule  already  quoted. 
In  Jhis  case  the  iine  of  advance  of  the  corkscrew  represents 
the  current,  and  the  direction  of  rotation  represents  the 
positive  direction  of  the  encircling  lines  of  force.  Thus  in 
Fig.  68,  if  the  current  be  passing  vertically  doivnivards 
through  the  paper,  the  positive  direction  of  the  circular 
lines  of  force  is  a  right-handed,  or  clockwise  one.  It  should 
be  noticed  that  each  line  is  a.  closed curre,  completed  entirely 
through  the  air.  In  this  respect  it  differs  from  the  lines  of 
force  of  permanent  steel  magnets,  each  of  which  in  some 
j)art  of  its  course  passes  through  the  material  of  the  magnet. 
No  moj^netic poles,  therefore,  are  set  up  by  these  lines,  since 
they  nowhere  pass  from  magnetic  to  non-magnetic  material, 
or  vice  versa. 

If  a  ring  of  iron  were  now  slipped  over  the  wire  so 
as  to  lie  concentrically  with  these  circles  in  the  plane  of 
the  paper,  it  is  evident  from  what  we  have  already  said 
(page  1 1 6)  that  many  lines  of  force  would  be  gathered  up  into 
the  iron, and  would  flow  through  it  in  the  same  way  as  through 
the  air,  only  in  greater  numbers.  This  ring  could  therefore 
become  highly  magnetised,  but  would  not  show  any  ex- 
ternal signs  of  magnetisation.  It  would  have  no  poles,  since 
its  lines  of  force  would  flow  entirely  through  the  iron.  That 
it  really  is  magnetised  can  be  proved  by  using  steel  instead 
of  iron.  In  this  case,  if  the  current  be  stopped,  the  steel 
will  retain  the  impressed  magnetisation  because  of  its 
molecul.ir  rigidity.  Let  the  ring  now  be  divided  into  two 
semicircular  j)ieces  by  transverse  cuts  ;  each  of  these  when 
separated  will  be  found  to  be  magnetised  with  strong  poles 
at  the  planes  of  section.  But  before  the  ring  is  cut,  it  will 
have  no  more  effect  upon  a  compass  needle  in  its  neigh- 
bourhood than  it  had  before  it  was  magnetised. 

Consider  now  the  effect  of  bending  the  wire,  carrying 

with  it  Its  lines  of  force,  into  a  single  circular  loop.     Follow 

out  the  corkscrew  rule,  and  it  will  not  be  difhcult  to  sec 
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that  inside  the  loup  all  the  lines  must  be  flowing  in  the] 
iamc  dirtclion  from  one  side  to  the  other  of  the  plane  of  the  j 
lou[),     A  few  of  these  lines  for  a  current   circulating  in  n ' 
clockwise  direction  round  the  loop  are  shown   in  Fig.  69. 
Because  of  the  apparent  lateral  repulsion  of  lines  of  force 
for  one  another,  and  the  crowding  together  of  the  lines  in- 
side the  loop,   the    curves   surrounding   the    wire  will   no  1 
longer  be  concentric  circles,  but  will  be  distorted. J    Each] 
line,  however,  still  passes  completely  round  the  loop. 

These  lines  can  be  shown  by  iron   filings;    the   card] 


Fig.  6v.  -  Lin«  of  Force  of  a  Circular  Loop. 

should  be  placed  so  as  to  cut  the  loop  at  right  anglesj 
through  a  diameter.  On  sprinkling  with  iron  filings,  andl 
tapping  in  the  usual  way,  the  effect  produced  is  that  showal 
in  Fig.  70.  The  wire  of  the  loop  passes  through  the  card! 
at  r;  and  b,  and  if  the  current  comes  upwards  at  a,  and  goes 
downwards  at  /',  the  dircdion  of  the  lines  of  force  between' 
a  and  /'  is  that  shown  by  the  small  arrow. 

Let  us  carry  tlie  development  a  step  further.  Sup[X)se 
now  that  several  of  these  loops  of  the  same  diameter  arc' 
plated  side  l>y  si<le  so  as  to  have  a  common  axi.s,  much  in 
the  same  way  that  a  series  of  similar  ■  oins  may  he  arrangcc"' 
in  a  nm/ciiu.  SiipiKisc  also  that,  looking  along  the  commoi] 
axis,  all  the  currents  in  the  separate  loops  revolve  round  th^ 
axis  in  the  same  direction,  either  all  clockwise  or  all  counter 
rtoi  kwisc      III  the  i>1ane  of  each  loop,  and  inside  the  loop 
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the  magnetic  lines  which  belong  to  it  will  he  jjarallcl  to  the 
axis,  and  all  the  lines  of  the  difTerent  luojis  will  lie  trending 
in  the  same  direction.  The  lines  will  therefore  blend  togcllier 
just  as  the  lines  of  two  bar  magnets  set  as  in  Fig.  49  lilend 
together  to  give  the  field  there  dei)icted,  instead  of  each 
[lursuing  its  own  rourse  unaltered,  as  in   Fig.  47.     We  thus 


Fig.  70.— Magnctii:  Curvc»  .*(  a  Cun-uUr  t-oop. 


get  the  field  shown  in  Fig.  71,  which  is  also  taken  from 
Faraday.  The  arrangement  of  loops  that  we  have  just 
described  is  that  of  the  loops  of  a  solenoid,  and  in  the 
figure  the  filings  are  spread  upon  a  card  containing  the 
axis  of  the  solenoid,  and  whose  plane  therefore  cuts  through 
the  wires.  The  wires  are  seen  in  section  at  (/  a  ii  and  /'  ^l>, 
and  it  will  be  noticed  that  between  the  lines  of  the  wires  the 
field  is  very  uniform,  the  filings  lying  in  hnes  parallel  to  the 
axis.  If  the  current  be  supposed  to  be  coming  upwards  in 
^  the  parts  of  the  wire  niatked  a,  and  going  downwanls 
K  2 
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ill  llie  ])arls  marked  /',  the  direction  of  this  itiUma/ 
field  will  be  from  left  to  right  as  shown  by  the  small  arrow. 
In  this  case  only  a  part  of  the  external  field  is  shown  by 
Faraday,  but  it  is  easily  seen  that  the  lines  of  force  arc! 
setting  out  from  the  end  of  the  solenoid,  exactly  in  the 
same  way  that  they  set  out  from  the  end  of  a  single^bar 

magnet. 

Direction  of 
Magnetising 
Force  of  a  Coil. 

— Tile  result  is 
that  if  wc  have  a 
cylindric  coil  of 
wire  (such  as  is 
seen  in  Figs.  62 
and  63)  carrying 
a  current  which 
when  regarded 
from  one  end  of 
the  coil  circulates' 
round  the  axis  in' 
a  clockwise  direr 
tion,  then  th 
lines  of  force  du 
to  that  current  pass  down  inside  the  coil  in  a  direction  pass-J 
ing  away  from  us.  An  iron  core  inside  the  coil  (as  already 
{)ointed  out  on  page  140)  will  therefore  be  magnetised  so 
that  its  so-called  South  ]>ole  is  towards  us,  since  if 
faced  the  south  pole  of  a  bar  magnet,  the  lines  of  force 
would  run  from  us  thiiiU)^li  lite  iron  of  the  magnet  in  the 
same  way.  Of  course  if  the  current  circulates  counte 
clockwise,  the  lines  ate  running  towanls  us  through  ihccoilJ 
and  the  nearest  end  of  an  inserted  core  becomes  a  Nort 
pole.  These  relations  arc  shown  in  Fig.  72,  where  th^ 
diiection    of   circulation  of    the  riirreiit   is  shown   by  th< 
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arrows  on  the  circles,  and  the  name  of  the  pole  nearest  the 
observer  is  expressed  by  the  letter  N  or  S.  The  corkscrew 
rule  enables  one  to  easily  rcmorjihcr  the  facts.  In  this  rase 
if  the  direction  of  circulation  nf  the  airreni  be  given  by  the 
rotation  of  the  corkscrew,  tlie  Hue  0/  advance  of  the  cork- 
screw gives  the  direction  of  the  lines  nf  force  along  the  axis 
of  the  solenoid.  One  additional  remark  may  be  made. 
Whether  the  wire  of  the  solenoid  be  wound  in  ri;:;ht -handed  or 
left-handed  spirals  is  a  matter  of  iniliflerence  ;  the  important 
point  to  notice  is  the  direction  of  circulation  of  the  current 
as  seen  from  one  end.     If  that  direction  be  elockioise,  then 


Fig.  7s. — KcUtiott  between  Current  Circui.-tiion  ami  Pole*  of  Core. 

the  obser\'er  is  looking  at  the  Soiitli  pole,  whether  the 
spimls  in  which  the  current  is  flowing  be  right  or  Icfl- 
handcdly  wound. 

We  have  dwelt  thus  fully  upon  the  relation  between  a 
current  and  its  lines  of  force,  because  a  clear  understanding 
of  these  simple  cases  will  enable  the  reader  to  follow  readily 
many  applications  which  at  first  sight  may  seem  intricate. 

Magnitude  of  Magnetising  Force  of  a  Coil.— Very 

soon  after  the  disrovery  of  the  magnetising  eflect  of  a  coil, 
it  was  observed  that  this  effect  depended  upon  the  magni- 
tude or  quantity,  as  it  was  then  called,  of  the  current. 
But  the  honour  of  first  perceiving  the  important  factors 
upon  which  the  magnetising  force  really  depends  belongs  to 
Joseph  Henry,  of  New  York,  who  published  his  early  ex- 
periments in   183 1. •      This  was  before  Ohm's  law,  which 

'   Silliman's  American  youmai  of  Science,  l8jl. 
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introduced  simple  ideas  into  the  relations  hctwcen  rurrenl 
and  elerlromolive  force,  had  become  widely  known  and 
generally  used  in  the  scientific  world,  and  Henry's  results 
are  not  embodied  in  the  precise  form  now  usually 
employed.  What  he  discovered  was  that  a  weak  current 
circulating  many  times  round  an  iron  core  could  produce 
the  same  magnetising  eflfect  as  a  strong  current  circulating 
round  il  a  few  times.  In  other  words  he  found  that  the 
proiluct  of  the  an-rent  by  the  iiiiiii/icr  oj  turns  in  the  solen- 
oid is  a  measure  of  its  magnetising  force,  or  rather  of  its 
mogiietoitiolhr  font.  If  the  current  be  mca.sured  in 
amperes,  this  product  is  now  usually  s|)oken  of  as  the 
amplre-lurns.  Thus  if  a  coil  lie  carrying  a  current,  wc  may 
say  briefly  that  its  magaetomoliie  font  is  pioforlional  to  Ike 
ampl'rf-turns. 

This  discovery  of  Henry's  was  of  enormous  import- 
ance to  the  young  science  of  telegraphy,  then  begin- 
ning to  attract  the  attention  of  practical  scientists.  It 
.showed  how  the  weak  currents,  which  at  that  time  were  the 
only  currents  that  could  be  transmitted  to  any  distance, 
could  be  utilised  to  make  efiTective  working  electro-magnets, 
and  thus  produce  signals  at  a  distant  station. 

Exact  experiments  liave  fully  proved  the  truth  of  the 
law  just  enunciated.  A  numerical  example  will  [icrhaps 
make  its  meaning  somewhat  clearer.  Thus  it  is  found  by 
experiment  that  the  magnetomotive  force  of  a  current 
of  lo  amperes  circulating  in  a  spiral  cif  is  tutns,  is 
exactly  the  same  as  that  of  a  current  of  i  ami>irc  in  a 
cpiral  of  120  turns,  or  that  of  a  cunent  of  -^\^^  ampere  in  a 
spiral  of  12,000  turns.     In  each  m.sc  the  ami"  ^  arc 

J 20.       That  the  effect  produced  by  this  M  M.iivc 

Force  should  also  be  the  same  in  each  case,  further  condj. 
tioii*  must  be  fulfilled.  These  are  that  the  coils  should  be 
similar,  of  equal  volume,  length,  diameter,  \c.,  and  that 
the  cores  and  sunounding  medium  should  be  roagnetitsiliy 
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lidentical.  The  analogy  wiili  the  c,\se  of  a  galvanic  Imllery 
lis  very  close.  A  li.itiery  of  a  rertain  E.M.F.  will  drive  a 
certain  airrenl  round  a  circuit  of  a  particular  resistance. 
Similarly  a  coil  with  a  certain  mag^netomolive  force  {M.  M.  F.) 
)  measured  in  ampfere-turns  will  cause  a  certain  number  of 
\lin<i  of  force  to  pass  through  a  core  and  surrounding  medium 
.  of  a  particular  reluctance.  If  the  reluctance  is  diminished, 
[  the  number  of  lines  of  force  is  increased,  and  vice  versa. 

The  conditions  for  small  reluctance  are  exactly  similar  to 

those  for  small  resistance  in  the  electric  circuit.     In   the 

latter  case  the  material  of  the  circuit  should  be  of  high 

conductivity,  large  sectional  area,  and  short  in  length.  In  the 

.  magnetic  case  the  medium  through  which  the  lines  of  force 

have  to  pass  should  be  of  high  jiermeability,  large  sectional 

area   perpendicular    to   the   lines   of  force,   and   short   in 

I  length.     The  first  of  these  conditions  (high  permeability) 

points  lo  the  providing  of  as  much  well-annealed  soft  iron 

for  the  lines  to  pass  through  as  the  design  and  purpose  of 

the  electro-magnet  will  permit.     In  one  sense  the  magnetic 

circuit  has  an  advantage  over  the  electric  circuit,  in  that 

[the  whole  space  round  the  coil  producing  the  M.M.F.  is 

permeable  to  lines  of  force,  and  by  its  mere  bulk  and  great 

■  sectional  area  contributes  to  a  lowering  of  the  reluctance. 

This  is,  however,  accom])anied  by  certain  disadvantages, 

the  consideration   of  which  we  shall  postpone  till  we  deal 

I  with  the  numerical  relations  later  on  (p.  323). 
Magnetic  Permeability.  —  As  the  quality  or  per- 
meability of  the  iron  is  so  important  in  the  construction  of 
electromagnets,  it  is  necessary  to  know  something  of  how 
different  kinds  of  iron  behave  when  subjected  to  magnet- 
ising forces.  On  page  101  we  have  already  pointed  out  the 
general  behaviour  of  various  kinds  of  iron  and  steel  in 
this  respect.  We  must  now  refer  to  the  experimental  data 
a  little  more  closely.  .\nd  first  a  definite  meaning  must  be 
kttachcd  to  the  otherwise  somewhat  vague  XAim  ptrmeabiLH-^. 
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When  considering  by  the  help  of  iioa  filu^  the  efiTect  on 
the  lines  of  force  of  placing  a  piece  of  iron  in  a  magnetic 
field,  we  found  (ut  Fijp.  52  and  53)  that  the  appearances 
were  such  as  to  suggest  that  the  lines  found  it  easier  to  get 
through  the  iron  than  thruugh  the  air.  Now,  when  the  field 
is  due  to  the  magnetic  effect  of  a  current,  we  find  that  this 
is  still  the  case,  and,  in  addition,  that  the  presence  of  the 
iron  increases  the  total  number  of  lines '  set  up  by  the 
current.  This  multiplying  power  of  the  iron  is  a  measure 
of  its  permeability.  If  no  iron  is  present,  then  we  get  a 
certain  magnetic  field  which  at  a  given  place  contains  a 
certain  number  (H)  of  lines  per  s<juare  centimetre  of  cross- 
section.  If  now  the  air  or  nonmagnetic  material  is  replaced 
by  iron,  a  greater  numljer  of  lines  (B)  per  squ.ire  centi- 
metre p.isses  through  the  same  sp.icc.  The  origin.il  numljer 
of  lines  has  been  multiplied,  and  the  numerical  factor 
which  expresses  the  ratio  between  B  and  H  is  the  measure 
of  the  permeability.  This  multiplier  is  usually  denoted 
by  the  CJreek  letter  /»,  and  we  have  the  simple  numerical 
relation  that  B  is  fi  times  H,  or 

B  =  ^H. 

The  value  of  /i  varies  very  greatly  in  different  specimens 
of  iron  and  under  different  circumstances.  It  may  be  as 
high  as  5,000,  or  as  low  as  20  or  less.  Methods  of  measur- 
ing it  will  be  briefly  described  in  Part  II.,  Chapter  VIII. 

Magnetic  Saturation. — Besides  the  variations  in  the 
value  of  fi  in  different  kinds  of  iron,  it  also  varies  in  the 
same  piece  of  iron  according  to  the  strtngth  of  the  mngnfl- 
ising  field,  and  to  the  previous  magnetic  history  of  the 
iron. 

The  corresponding  values  of  H  and  B  for  various  kinds 
of  iron  and  steel  arc  shown  graphically  and  numerically  in 


: 


of  line*. 


.fc-  page  333  for  the  read  meaning  of  llie  phnse  "total  nurohef 
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1''8-  73i  where  the  vaUius  of  H  in  certain  units  are  marked 
on  the  horizontal 
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Fir.  73.— I'lirve*  of  MdgiicltMition  of  OifTerent  MalcriaK 


scale  and  the  ror- 

responding  values 

of  B  in  the  same 

units  are  marked  '^^k°^ 

on    the    vertical 

scale.     The  data 

are    taken    from 

some  of  Ewing's 

experiments. 

For  weak  mag- 
netising fields  the 

magnetic  flux  B 

produced  in    the 

iron   by   a   given 

field  H  is  ver)'  nearly  proportional  to  H  ;  in  other  words, 

the  value  of  /i  is  nearly  constant,  and  any  increase  in  H 

produces  a  cor- 
responding in- 
crease in  B. 
But  as  the 
strength  of  the 
magnet  isi  ng 
field  is  increas- 
ed, a  point  is 
reached  sooner 
or  later  at 
which  the  value 

no      «o«       wg       soo       looo      uoc     t«oo      imx    of     B,     though 

Kig.  74.— Curvcj  of  MnKMiisaiion  of  Iron.  still  increasing, 

increases  more 
slowly  than  liefore,  and  therefore  the  value  of /i  diminishes. 
This  continues  for  a  lime,  until  usually  the  rate  of  in- 
crease of   B   as   compared  with  H  diminishes  to  ai\o\.Vi« 
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steady  value  much  less  than  the  first  one,  and   targe 
creases  of  magnetising  force  only  give  small  increments 
magnetisation. 

This  is  especially  marked  in  the  curve  for  wrought  iroJ 
It  rises  very  rapidly  at  first,  then  bends  over,  and  finally 
becomes  nearly  horizontal.     In   this  last  stage,  when  larg 
changes  in  the  magnetising  force  are  required  to  produ^ 
small  changes  in  the  magnetic  flux,  the  iron  is  said  to 
approaching  saturation.     In  such  cases,  although  more  lir 
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netising  coils.  Some  similar  curves  obtained  by  Hopkins* 
for  wrought  and  cast  iron  are  given  in  Fig.  74,  In  the 
curves  the  values  of  B  and  H  arc  given  as  the  number  ' 
lines  per  square  inch,  instead  of  per  square  centimetre. 

Instead  of  plotting  curves  which  graphically  depict  the 
connection  between  B  and  H,  we  may  exhibit  in  curves  tk 
connection  between  ^1  and  B.     This  is  done  in  Fig.  75, 
which  the  values  of  B  ate  measured  on  the  horizontal  seal 
and  the  corresponding  values  of  fi  on  the  vertical 
The  rapid  diminution  of  the  permeability  with  the  incr 
of  the  magnetic  flux  is  vcr>'  marked,  and  also  the  great 
fcrcnt  e  in  pemicabiliiy  between  cast  and  wrought  iron. 

Magnetic  Hysteresis. — Wc  must  notice  briefly 
oilier  magnetic  property  of  iron,  called  by  Professor  Ewii 
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hyslrr^fix  (or  lii^).  ll  is  found  that  llie  value  of  B  correspond- 
ing to  a  given  value  of  H  dejiends  upon  the  previous  mag- 
netic history  of  the  iron.  Iron  appears  to  have  a  mtii(netic 
memory,  and  to  retain  impressions  of  previous  magnetic 
states,  The  facts  are  shown  graphically  in  Fig.  76  (taken 
from  some  of  Ewing's  experiments),  which  gives  the  curves 
obtained  from  two  specimens,  one  of  wrought  iron,  the 
other  of  steel.  Ekich  curve  forms  a  closed  loop,  but  the 
steel  loop  is  much 
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wider  ilian  the  iron 
one  Commencing 
with  a  large  mag- 
netising force,  we 
have  the  jKiint  a 
(on      the     steel 
curve) ;      as     the 
magnetising   force 
is    diminished    to 
zi-ro,  the  value  of 
B  only  falls  to  b 
(  -  60,000),  and  H 
has  to  l)e  mn-ricd 
before   B   falls  to 
/.ero   at   the   point   c.      Increasing   the   reversed   value   of 
H,  w^e  travel  up  to  </,  where  the  steel  is  nearly  saturated 
in    the   opi'osite   direction    to  the   first.      If  now  the  re- 
versed value  of  H  be  gradually  diminished  to  zero,  then 
changed    over    to    its    original    direction,    and    increased 
[up   to   its    first   value,   we    travel   through    the   points   d, 
l<r,  and/,  back  to  the  starling-points,  and  the  loop  is  com- 
Iplcted.     At   each    point    the   value   of  B  seems  to  retain 
Itraces  of  previous  values  ;  when  the  magnetomotive  force  is 
Vi/iminishiN:;,    the    value  of   B  is  hii^hcr  than  it  is  for   the 
[corresponding  value  of  H  when  H  is  incrensitt^^. 

The  area  of  this  loop  for  a  complete  cycle  o(  vwA'jyv^.'a- 
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motive  force  is  very  important  wherever  rapid  reversals  of 
magnetisation  are  employed,  as  in  the  armatures  of  dynamos, 
and  in  transformers,  for  it  measures  the  energy  waste<l  in  eauh 
complete  cycle  of  magnetisation.  It  should  he  noticed  that  the 
area  of  the  wroiight-iron  loop  is  much  less  than  thai  of  the 
steel  loop.  The  value  oi-  or  oj\  through  which  H  has  to  he 
reversed  in  order  to  hring  down  the  magnetic  flux  to  zero,  is 
regarded  by  1  )r.  Hopkinson  as  the  true  measure  of  the  so- 
called  coenivf  or  coercilivc  force. 

Forms  of  Electro-magnets.    Returning  to  the  electro- 
Ktuci  magnet,  we  find  that 

cirrnit     y\^     ~^^^i         '''^  essential  parts  are 
if^y^""  /  /^"""^^x       the   electric  conductor, 

usually  in  the  form  of 
a  coil,  for  the  pur|)osc 
of  carrying  the  electric 
current,  and  thereby 
setting  up  a  magneto- 
motive force,  and  the 
magnetic  circuit, 
through  which  lines  of  force  are  to  pass.  In  all  electro-magnets, 
properly  so-called,  some  portion  of  the  magnetic  circuit  or 
path  for  the  magnetic  lines  consists  of  iron  or  other  highly 
magnctisable  material  :  if  a  portion  of  this  iron  is  free  to 
move,  as  in  the  vibrating  armature  of  an  electric  bell,  then 
as  a  rule  motion  will  be  set  up  when  the  current  passes, 
and  mechanical  work  of  various  kinds  may  he  performed. 

With  regard  to  the  relative  position  of  the  two  essential 
parts,  the  only  necessary  condition  is  that  they  should 
mutu.ally  pass  through  one  another.  Thus  in  Sturgeon's 
Klcctro-magnet  (Fig.  67),  all  the  magnetic  lines  of  the 
magnet  pass  through  the  copper  spirals,  and  vice  fersd  the 
copper  spirals  pass  throtigh  every  loop  formed  by  the 
magnetic  lines  of  force.  This  is  still  more  clearly  seen  in 
I'ig- 1°  (page  1 .17),  which  shows  the  magnetic  field  set  up  by 
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a  single  loop ;  moreover  in  this  figure  the  relative  positions  of 
the  two  intersecting  curves  of  current  and  lines  of  force  are 
dqiicted.  The  relative  position  may  be  briefly  described 
as  the  same  as  that  of  two  closed  loops  (Fig.  77)  of  any  shaiie, 
one  of  which  is  threaded  through  the  other,  and  conse- 
quently the  lattet  must  also  he  threaded  through  the  former. 
As  the  essential  relative  position  of  the  electric  and  mag- 
netic circuits  is  thus  very  simple,  it  is  obvious  that  it  can  be 
fulfilled  in  almost  an  infinite  variety  of  ways ;  and  as  a  matter 
of  fact  the  number  of  different  forms  of  electro-magnets  that 
have  been  designed  and  invented  is  very  great.  But 
although  theoretically  it  is  only  necessary  to  fulfil  the 
above  condition  to  get  an  electro-magnet,  yet  the  ])articular 
pur|X)se  for  which  the  electro-uiagnet  is  required,  and  the 
particular  work  it  has  to  do,  have  to  be  very  carefully  taken 
into  account  if  moderate  efficiency  is  to  be  attained.  In 
the  next  section  we  propose  to  lake  up  more  fully  the  quan- 
titative relations  involved,  and  througiiout  the  rem.iinder 
of  the  book  we  shall  have  frequently  to  describe  electro- 
magnets of  special  design.  We  shall  therefore  be  content 
at  present  with  referring  to  a  few  forms  interesting  either 
historically  or  as  types. 

In  Figs.  65  to  67  we  have  illustrated  and  referred  to 
Sturgeon's  early  electromagnets.  Other  electro-magnets  of 
great  historical  interest  are  those  used  by  Professor  Henry 
in  his  early  experiments,  and  some  of  which  are  shown  in 
Fig.  78.  'Jliis  figure,  for  which  the  author  is  indebted  to 
Professor  S.  P.  Thompson,  is  copied  from  the  Scientific 
AmfricitH  of  December  iith,  1880,  and  represents  Henry's 
electro- magnet  as  still  preserved  in  Princeton  College.  The 
magnet  is  of  the  horseshoe  type,  and  its  cort,  as  the  internal 
iron  of  an  electromagnet  is  technic.illy  called,  consi.sts  of  a 
\yax  of  soft  iron,  20  inches  long  and  2  inches  square,  bent 
into  ihc  form  of  a  horseshoe  gi  inches  high.  It  weighed 
at  lb,,  and  its  two  ends  or  jwlcs,  properly  surfaced,  were 
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connected  liy  a  lifter,  technically  called  the  urmalure,  con- 
sisting of  a  piece  of  iron  from  the  same  bar  filed  jwrfcclly 


liat    The  wiic  to  carry  the  electric  current  consisted  of 
540  feel  of  copper  bell  wire,  wound  on  in   nine  separ.itej 
coils  of  60  feet  each,  with  the  ends  bnuighl  out  scparntelyi 
and  marked,  so  that  either  the  whole  number  or  any  desired 
combination   of   the    various    coiU    could  |  be    placed    iilj 
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iiruit  with  the  battery.     The  magnet  was  suspended  in  a 

'^uong  wooden  frame,  as  shown,  and  liclow  its  poles  was 

fixed  a  lever  lo  which  the  armature  was  fastened  by  a  loop. 

Jy  means  of  weights  sliding  on  this  lever  any  desired  force 

fcould  be  applied  lo  the  armature,  and  the  pull  necessary  to 

detach  it,  with  various  combinations  of  the  exciting  coils, 

Lineasured     Using  the  small  cojiper-zinc  single-fluid  battery, 

ihown  at  the  foot  of  the  frame,  it  was  found  that  with  one 

sf  the  coils  only  in  circuit  the  magnet  was  just  able  to  sup- 

Cport  its  7-lb.  armature,  but  as  successive  coils  were  added 

llhe  force  of  detachment  rose 

|Vfty  rapidly  at  first,  and  after- 

vards  more  slowly,  until  with 

Jl  the  nine  coils  in  circuit  a 

Jforcc    of  650  lb.   weight  was 

|lvquired  to  pull  otT  the  arma- 

arc       Henry     subsequently 

I(in    1831)  built  a  still  larger 

lelectromagnet,      which     was 

Icapable  of  supiwrting  a  load 

Ion  its  annalure  of  2,063  ^'^-  The  other  apparatus  shown  at 
the  foot  of  the  frame  consists  of  a  current-reverser,  and 
3mc  of  the  coils  used  in  his  experiments  on  secondary  and 
Itertiary  induction  currents,  to  which  we  shall  refer  later  on. 
k-sc  were  mostly  constructed  by  Professor  Henry's  own 
nd». 
Passing  from  historical  forms,  Fig.  79  shows  the  ordi- 
"  Bar)-  two-pole  electro-magnet,  which  is  the  lineal  descendant 
Of  the  old  horseshoe  tyjK.  C  and  C  are  the  cop[x:r  coils 
Ifound  on  separate  bol)bins,  and  connected  together,  by  the 
irirc  seen  pissing  over  at  the  liottoni,  in  such  a  way  that  when 
Jic  two  loose  wires  are  joined  loa  current  generator,  such  as 
battery,  the  current  as  seen  from  the  top  circulates  clock- 
ntc  in  one  coil  and  counter-clockwise  in  the  other.  The 
lilt  b  that  lioth  coils  tend  to  drive  magnetic  lines  round 
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the  iron,  S  Q  Q  N,  m  the  same  direction  of  circulation, 
and  one  of  the  |K>les  N  becomes  a  North  pole,  and  the 
other  S  a  Soulh  pole.  The  magnetic  circuit  consists  of  ihc 
two  aires  N  Q  and  ^  Q',  connected  at  the  bottom  by  the 
yoie  A  B.  All  of  these  should  be  of  good  well-annealed  soft 


Fig.  6a  -  Eloclro-m.i^net  for   Intense   Kield«. 


iron.     In  tlic  figure  there  is  an  air-gap  from  A' to  5  in  the 
magnetir  circuit,  but  the  (wle-pieces  and  armature,  which  areJ 
usually  ))lace<l  either  on  or  across  K S  to  diminish  the  rc-1 
luctance  olihe  circuit,  arc  not  shown,  as  their  ()artitular  shaj: 
depends  upon  the  purpose  for  which  the  magnet  is  required.| 
One  form  of  pole-pieces,  used  when  vx-ry  iniensc  magnetic 
fields  arc  rct^uired,  is  shown  in  Fig.  So.      Here  large  blocks 
of  wjfl  m>n  are  screwe<l  firmly  on  to  the  top  of  the  tores 
N  S.     These  blocks  are  bored  out  hori^ontal]y,  and  in  liie 
boles  arc  inserted  the  cylindcrit  1 1^,  which   fit  the  bnks^ 
tightly,  but  arc  finally  held  at  any  ilcsiretl  distance  apnrt  \iif 
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llhc  cUniping  screws  ss^.  The  ends  oi  these  cylinders 
[turned  towards  each  other  are  pointed,  so  that  the  magnetic 
[lines  passing  from  one  to  the  other  tind  the  most  permeable 
[path  by  crowding  down  to  these  points,  thus  lengthening 
the  pathway  in  the  mure  permeable  iron,  and  shortening  it 
in  the  less  permeable  air.  It  should  be  noticed  also  that 
Ithe  yoke  P  and  the  upright  cores  of  the  coils  are  exception- 
lally  massive,  so  as  to  still  further  diminish  the    magnetic 


Hii.  r.r.   -L  liiSfijotccl  Llectro-mAgnet. 

ffce  of  the  ein  uiL  In  this  way  a  very  intense  field 
lis  produced  in  the  air-spare  lying  between  the  pointed  ends 
I  of  the  cylinders  c  <!,. 

Still  another  form  of  this  type  of  magnet  is  illustrated  in 
[Fig.  8 1,  in  which  the  shape  of  the  magnetic  circuit  is  the 
[tjune  as  in  Fig.  79,  but  the  electric  current  is  carried  by  the 
[vires  of  a  sinjilc  coii,  which  is  slipped  over  one  of  the  cores 


The  change  ul  shape  Iriini  the  original  horseshoe  furtn  in 
[all  the  above  magnets  has  been  made  chiefly  for  convenience 
[of  manufacture,  though  partly  for  increased  stability  and 
'compactness.     It  is  much  easier  and  cheaper  to  win<l  coil* 
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fopon  Bqnnte  bobbins,  and  Ibea  slip  them  over  ibe  loog 
ttraigfat  cores,  than  to  wind  tbcro  on  such  a  honeshoe 
is  shown  in  Fig.  78.  As  already  remarked,  (be  cores  and 
fOke  should  \rc  of  well-annealed  wrought  iioo ;  the}'  should 
be  carefully  surfaced  up,  and  fitted  together  where  they 
join  !io  as  to  diminish  the  magnetic  reluctance  uf  the  gu[i  ; 
in  fact,  if  high  efficiency  is  desired,  they  should  be  forged 
in  a  single  piece.  iSut  fre<juently  in  practice  such  high  elfi- 
ciency  tx  not  rctjuired,  and  the  cores  and  yoke  are  made  of 
cast-iron,  cast  in  one  piece ;  a  diminution  of  the  reluctance 
can  in  this  case  Ijc  secured  by  increasing  ihe  cross-section, 
and  therefore  the  weight  of  the  iron,  which,  it  will  be  re 
incmlicred,  i»  (uteris  paribus  not  so  jicrnieable  to  magnetic 
lines  a*  wrought  iron.  By  attending  to  these  small  details, 
electro  magnets  can  be  manufactured  in  great  numbers  at  a 
trifling  cost ;  and  for  many  purposes,  where  first  cost  is  a 
primary  consideration,  they  do  their  work  as  well  as  the 
most  |»crfectly  designed  and  ex|>ensiv«ly  constructed  electro- 
iniigncl*.  This  is  csj)ecially  the  case  with  elcclro-magnels 
for  trenib1in){-bclls,  indic.itors,  etc.,  but  when  they  have  to  lie 
used  in  telegraphic  instruments,  telephones,  or  dynamo 
machines,  the  importance  of  good  design  becomes  pre- 
dominant. The  .tdvantages  of  the  club-footed  form  (Fig. 
f(i)  .ire  not  very  great:  it  is  cheaper  to  m.->ke  .ind  more 
comi)act  than  the  ordinary  form,  also  its  magnetic  circuit  is 
shorter,  and  therefore  requires  less  magneto-motive  force  to 
set  up  a  given  magnetic  flux.  On  the  other  hand,  to  obtain 
this  manneU)  niolivi;  force  will  re<|uirc  a  greater  exi>enditure 
of  electric  energy  than  if  two  coils  were  used  with  the  same 
.imounl  of  copper  wire  upon  them  ;  for  there  will  obviously, 
for  the  same  resistance,  be  a  less  number  of  turns  of  wire  on  the 
stouter  coil,  anil  therefore  .i  heavier  current  will  be  required 
to  give  tile  same  number  of  nnjpt:re-tiirns  (jr^  page  150). 

Another  form  of  single-coil  dcctro-magoct  is  shown  in 
I'ig.  83,  where  it  will  be  noticed  that  the  bobbin  is  enclosed 
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[in  a  closely-fating  outer  cylinder  of  iron.  This  cylinder, 
which  is  magnetically  connected  to  the  lower  end  of  the 
central  core  by  a  heavy  circular  yoke  of  iron  (not  shown  in 
the  figure),  forms  the  return  path  for  the  magnetic  lines  set 
uj)  in  the  core.  Supjjosiny  a  clockwise  current  in  the  coils, 
when  looked  at  from  above,  the  magnetic  lines  will  pass 
vertically  down  the  central 
core,  spread  out  in  all  direc- 
tions through  the  circular 
yoke  at  the  bottom,  and 
return  upwards  through  the 
iron  cylinder  ;  the  magnetic 
circuit  is  then  completed 
through  the  air  from  the 
circular  rim  of  the  cylinder 
to  the  top  of  the  central 
core.  We  thus  have  an  an- 
nular or  ring-siiapcd  North 
pole  (A''  .A')  surrounding 
an  ordinary  circular  South 
pole  51  The  annature  for 
such  a  magnet  should  of 
course  be  a  circular  disc,  of 

the  same  diameter  as  the  cylinder,  and  of  sufficient  thickness 
of  iron. 

A  further  modification,  for  very  different  purposes,  of 
the  two-pole  electromagnet  is  shown  in  Fig.  83,  which 
represents  the  field  magnets  of  a  two-pole  dynamo  machine. 
Here  the  yoke  Y  is  at  the  top  and  is  very  massive  ;  the 
cores  C  Care  also  very  thick,  and  the  pole-pieces  A'' and  5 
concspondingly  large.  The  object  is  to  produce  an  intense 
field  in  the  cylindric  space  between  A'' and  .V,  in  which  the 
spinning  annature  revolves,  and  it  should  be  noticed  how  tlie 
compactness  and  masf.ivcness  of  the  magnetic  circuit  tend 
to  Ttduce  the  reluctance.     The  magnet  stands  alx)Ut  four 

1>    2 


n-cLid  Elcctro-ningnel. 


164 


7>/A    El.BC'fKJC    CUKUKXT. 


feet  high,  and  in  such  lai^e  magnets  the  energy  spent  in 
mnintaining  the  magnetising  current  is  a  serious  item,  and 
must  be  reduced  to  a  minimum  ;  hence  the  necessity  for 
carefully  following  the  indications  of  magnetic  theory.  The 
coils  surrounding  the  cores  C  C  are  shown  in  section,  and 
the  feet,  a  />,  on  which  the  magnet  rests,  arc  of  non-magnetic 

material,  so  as  to  cause  more 
lines  to  pass,  through  any  iron 
placed  in  the  cylindric  space 
^. 

T'ig.  84  illustrates  a  fonn  of 
electro-magnet  invented  by  Pro- 
fessor Hughes,  and  largely  used, 
especially  on  the  Continent,  in 
his  well-known  printing  ttle- 
K'raphs.  It  is  of  the  two-pole 
lype  already  referred  to,  with 
these  differences:  the  body  of 
the  magnet  consists  of  three  or 
;our  similar  and  equal  flat  pieces 
of  steel  of  horseshoe  shape 
permanently  magnetised  and 
then  clamped  together.  Such  a 
ma^;nct  is  known  as  a  comfiound ptrniatidit  mof^net,  and  it  is 
found  that  stronger  magnets  can  he  maile  in  this  way  than 
with  the  same  volume  and  shape  of  steel  in  the  solid  form. 
On  the  poles  of  this  f)ermanent  magnet  soft  iron  polc-pieccs 
of  the  shape  shown  in  the  figure  are  screwed,  and  these  arc 
surrounded  hy  the  magnetising  coils.  The  function  of  these 
coils  is  to  mcrease  and  diminish  the  pull  on  the  armature  </, 
which  works  against  ilie  spring  s  shown  in  the  side  view  on 
the  left.   K.  -^  of  L-xhaustiveand  patient  researches  Pro- 

fessor IliL  overed  that  this  method  of  piling  up  the 

coil.s  on  the  polc-pieccs,  gave  far  mote  rti/'i^  wcrhnx  than 
dLsiribuling  ihcin  along  the  whole  length  of  the  magnei 


rig.  83. 


KicMMa^ncl  ofaTwo-F*oIe 
DjiiamO' Machine. 


Ssjfsrr/rE  EtEcr/to-MACifETs. 


'6S 


Thus  in  his  printing  telegraph  the  armature  is  moved 
a  small  tele- 
graphic current, 
lasting  only 
about  the  one- 
hundredth  part 
of  a  second. 

The      same 
principle      has 
been    adopted    in   electro- 
magnets    for     telephones, 
where  still  greater  sensitive 
'  ness  to  rapid  changes  of  the 
1  magnetising  current  is   re- 
I  quire<l.    One  form  is  illus- 
trated  in   Fig.    85,   which 
I  shows  the  electro  magnet  of 
[a  Gower  telephone.     The 
[yoke,  iVOS,  of  the  magnet 
is  semicircular, and  the  coils 
which  are  to  receive  the  rapidly  changing  currents  are  seen 
[piled  on  to  the  ends  of  the  pole-pieces. 

Most  of  the  electro-mag- 
nets hitlierto  described  produce 
mechanical  motion  by  drawing 
a  movable  armature  up  to  their 
poles,  but  an  entirely  different 
way  in  which  a  magnetising 
solenoid  can  be  used  to  produce 
such  motion  is  shown  in  Fig.  86. 
This  has  been  recently  called 
by  Dr.  Thompson  the  Coil  and- 
I'lunger  Electromagr.et.  The 
fact  that  a  solenoid  was  able  (o 
itici/i.m,c.  attract  into  it  a  piece  of  soft  iron 


Fig.  8<|.— Hughes'*  Eleciro  magi  let 
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was  very  early  obsen-ed  in  the  history  of  eleciro-magnetism. 
and  was  utilised  in  many  early  forms  of  electro-nugnelic 
engines.  The  method  of  working  can  be  demonstrated  with 
Ihc  apparatus  shown  in  the  figure.     A  hollow  solenoid  A  is 
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joined  to  a  battery  B,  and  a  key  5  .•  the  soft  iron  core  of  the 
solenoid  can  lie  withdrawn.  Let  it  be  withdrawn  and  the 
rurreni  turned  on  by  closing  the  switch  ^.  If  now  the  end 
of  the  core  C  he  introduced  into  the  coil,  it  will  be  found 
that  it  is  strongly  pulled  inwards,  and  this  pull  increases  a.s 
more  of  the  core  enters  the  coil,  reaches  a  maximum,  and 
then  decreases  until  the  core,  if  longer  than  the  coil,  lies 
symmetrically  within  it,  with  equal  lengths  stiiking  out  at 
each  cud.  If  the  core  is  withdrawn  a  few  inches  from  this 
position  and  released,  it  will,  provided  the  interior  of  the 
solenoid  is  smooth,  oscillate  about  the  central  position,  ami 
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finally  settle  down  in  that  posittou,  as  if  it  were  constrained 
to  do  so  by  elastic  bands.  The  experiment  is  a  very 
utriking  one. 

'Hie  key  to  the  movements  of  the  soft-iron  core  in  this 
case,  as  well  as  the  movements  of  all  kinds  of  soft-iron  arma- 
tures, will  be  found  by  remembering  the  following  principle, 


Fig.  B7.   'Electra-magnet  of  Brusli  Arc  Lamp. 


which  can  be  demonstrated  experimentally,  and  also  deduced 
from  the  princii)lcs  uf  magnetic  induction  already  enun- 
ciated :  -Whenever  part  of  a  magnetic  circuit  consists  of 
soft  iron  free  to  move,  the  soft  iron  wiil  move  in  such  a 
direction  as  to  diminish  Iht  mtji^nelic  rtluclitnce  of  the  circuit. 
In  the  experiments  just  described  the  magnetic  circuit  of 
the  field  of  the  solenoid  has  manifestly  the  least  reluctance 
when  the  core  is  in  the  central  position  ;  hence  if  the  core 
be  free  to  take  up  that  iwsition,  it  will  do  so. 

'Hie   coil-and-plunger   principle   is    practically    applied 
in  n«any  electro-magnetic  mechanisms,  and  especially  in  arc 
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toss-piece,  and  when  ihe  current  is  turned  on  they  at 
drawn  in  towards  the  yoke  seen  at  the  top.     In  this  way  it 
is  obvious  that  the  reluctance  of  the  circuit  is  diminished 
in  accordance  with  the  general  principle  just  enunciated. 

As  a  final  illustr.ition  of  the  strange  forms  that  electro- 
magnets may  assume,  we  show  in  Fig.  SS  the  field-magnet 
of  the  first  Mordey  Alternate  Current  Dynamo.  'I'hc  mag- 
netising coil  can  be  seen  encircling  the  central  shaft,  and 
from  this  shaft  on  hoth  sides  of  the  coil  there  spring  out 
the  curious  polar  projections  which  <  urve  round  and  almoxt 
enclose  the  coil.  The  polar  projections  coming  from  the 
two  iides  do  t\ol  quite  meet :   In^twccn  them   there  is  a 


M acheto-Elhctric  Inductios. 


169 


Barrow  air-gap,  and  the  special  object  of  the  design  is  to 
roduce  a  very  intense  field  in  this  narrow  gap. 


Magrneto-Electpic  Induction. 

Oersted's  discovery  (in  i  S 1 9)  of  the  action  of  an  electric 

Current  upon  a  magnetic  needle  placed  in  its  neighbourliood 

bowed  that  a  tonneclion  existed  between  electricity  and 

fiagnciism.      It  led  the  way   to  all    the   facts  of  electro- 

la^netism.  with  which   we   have  just   been   dealing,  and 

3wcd    Ijow  it   was   pos?.ible   to   obtain   magnetism    from 

felectricity,    ur,    more   strictly  speaking,   from    the   electric 

jrreni.    Tlic  converse  problem  of  how  to  obtain  electricity, 

in  the  form  of  the  electric  current  or  otherwise,  from 

nagnetism,  iranicdiaieiy  became  a  most  interesting  and 

beUicing  subject,  and  was  attacked  by  m.iny  experimerrters. 

J'he  problem,  however,  remained  unsolved  until  the  autumn 

1831,  when  Faraday  obtained  the  first  clue  to  its  correct 

olution,  and  in  the  course  of  a  few  months,  by  a  series  of 

HicDt    and    brilliant   experiments,    laid    bare    the    funda- 

nental  principles  underlying  the  full  solution,  and  gave  to 

lie   world  one  of  the  most   important  discoveries   of  the 

nineteenth    century.       It   has   sometimes   been   said   that 

Faradiiy's  discovery  w.ns  accidental,  but,  as  a  matter  of  fact, 

lothing  is  accidental  to  such  a  worker.     It  is  true  that  he 

not  expecting  the  particular  eftect  which  gave  him  his 

clue,  but  that  elTect  was  so  slight  that  a  less  careful 

t»bscr\'er  would  have  passed  it  over  altogether.      In   the 

tlevcn  years  that  had  intervened  since  Oersted's  discovery, 

is  (piite  possible  that   this   effect    had    been    produced 

nore  than  once,  but  nobody  liad  observed  it,  or  if  they 

bad  done  so,  they  had  altogether  failed  tn  grasp  its  signi- 

Bcaivrc.       But  even  with  the  clue  in    his    hand,   Faraday 

kad  a  great  task  Iwfore  him,  and  it  is  impossible  to  admire 

00  highly   the  ingenious   manner  in  which,  guided  by  a 
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kind  of  scientific  intuition,  he  hunted  down  the  truth  and 
plai  eil  ihc  results  of  numerous  exjieriments  upon  a  firm  and 
itiinplf  l»;i«(is  of  well-asrcrtained  fact. 

What,  then,  was  the  observation  which,  when  diligently 
followed  ii|>,   led   I'aradny  to  his  great  discovery  ?     It  was  , 
merely  the  nioineiilaiy  jerk  of  the  needle  of  a  galvanometer' 
at  a  time  when,  according  to  what   was   then  known,   it ' 
should  have   remained  stationary.      The  first  clue  is  thus 
dcscrilied  hy  Karaday  *  ;• — 

"  Two  Inindrcil  and  three  feci  of  copper  wire  in  one  length  were 
coilrti  rciuii'l  a  brgc  block  of  wood  ;  another  two  hundred  and  three  feet 
of  •Imllar  wire  were  interposed  as  a  spiral  l)ct«-ccn  the  tarns  of  the 
finl  coll.  And  metallic  contact  cvcrj-where  prevented  by  twine.  One 
of  iheve  hcllce*  wat  connected  with  a  galvanometer,  and  the  other  with  . 
■  Imltery  of  one  hundrc<I  pairs  of  plates  four  inches  square,  with  double 
Coppers  and  well  chargol.  When  the  conl.»ct  was  made,  there  was  a 
ttidilvn  and  Vfty  sti^lil*  effect  at  the  galvanometer,  and  llieic  was  alsu 
a  •iniilar  nlighi  efTcCt  when  the  contact  with  the  battery  w.is  broken." 

I'Vir  our  jircsent  purpose  wc  shall  find  it  more  in- 
ittructivc  to  consider  a  later  experiment  |)uhlished  at  the 
same  time,  and  forming  the  first  of  the  series  in  which  the 
"  Evolution  of  Klectricily  from  Magnetism  "  is  revealed. 

A   ring  of  soft  hariron  about  six    inches  in  diameter  i 
was  overwound  with  two  coils  of  copper  wire,  one  of  which  i 
was  placed  as  before  in  circuit  with  a  galvanometer,  and 
the  other  with  a  battery  and   key  by  which    the   battery  I 
circuit  could   be  made  and  broken.     The  arrangement  is 
shown  in  Fig.  89,  in  which  the  ring  C  and  its  coils  A  and 
li  ore  copied  from  the  figure  given  in  the  Experimtntal 
Restarchts,     On  dosing  the  battery  circuit  at  the  key  A', 
"the    galvanometer  was   inmiediately    affected,   and    to  n 
degree   far  beyond   what  has  been  described  when,  with 


'  Dtscriplioni  of  gnlvsnometem  .ind  an  account  of  the  principles 
undetlyinj;  llicii  working  will  Ijc  found  in  P.irt  II..  Chap.  IX.,  p.  335. 
'  Exfxrimttital  Rrttanhrt,  lo,  pngr  3.     November,  iSjr. 
•  Th«  italir*  arc  vun. 
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battery  of  tenfold  power,  helices  wilhoul  iron  were  used  ; 

I  hut  ihoiigh  the  contact  was  continued,  the  effect  wxs  not 

'  jjcmianenL"    "  Upon  breaking  the  contact  with  the  battery, 

the    needle    was  again   powerfully  deflected,   but  in   the 

icontrary  direction  to  that  induced  in  the  first  instance." 

Now,  when  the  Kittery  circuit  was  made,  we  know  that 

the  effect  of  the  current  in  coil  A,  on  its  soft  iron  core, 

I  would  be  to  mngnetise  it,  and  that  most  of  the  magnetic 

Llines  set  up  in  the  iron  would  pass  through  coil  Ji,  since 


Fig.  B9. — Fanday's  Ducovcr)'  of  Magneto-Electric  Induction. 


.the  magnetic  reluctance  of  the  path  through  the  iron  in 
Icnil  B  would  be  much  less  than  that  of  any  of  the 
[alttmative  paths  through  the  air.  Thus  a  lot  of  magnetic 
llines  were  suddenly  pushed  through  the  coil  B,  and  the 
|rcsu](  was  a  momentary  current  in  the  circuit  of  which  that 
ail  formed  a  part.  That  the  momentary  current  was  due 
the  introduction  of  the  magnetic  lines  into  the  coil 
Iconnected  to  the  galvanometer,  Faraday  showed  by  dis- 
Ipcnsing  with  the  battery  and  the  coil  A,  and  introducing 
pcnnanent  magnet  into  the  coil  B.  Similarly  he  showed 
Ih.it  tlic  reverse  momentary  current  on  breaking  the  battery 
rircuit  was  due  to  the  withdrawal  of  the  magnetic  lines. 

Wc  may  remark  in  passing,  that  the  fact  that  a  current 
is  induced  in  this  experiment  shows  conclusively  that  the 
llines  actuiilly  pass  through  iron^  and  do  not  simply  begin 
ad  end  on  it  when  the  iron  is  magnetised. 

.A  convenient  way  of  making  experiments  on  magneto- 
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electric  induction  is  depicted  in  P'ig.  90.  i?  is  a  hollow 
bobbin  or  coil  on  which  silk-covered  ropi)er  wire  is  wound 
in  exactly  the  same  way  as  cotton  is  wound  upon  a  reel. 
The  inner  and  outer  ends  of  the  copper  wire  are  connected 
respectively  to  the  two  l)inding  screws.  G  is  a  galvanometer 
which  is  placed  in  simple  circuit  with  the  coil  by  means  of 


Tig.  ■>3.— Iniluciion  of  Eltctric  Current*  \<i  the  Moliuii  of  a  MicncL 


connecting  wires.  No  key  or  battery  is  used,  and  the 
galvanometer  must  be  i)laccd  so  far  away  that  the  move- 
ments of  the  magnet  do  not  iliredly  .iflfect  its  magnetic 
needle.  Wien  a  magnet  A'.9,  held  in  the  hand,  is  moved 
towards  the  coil  as  shown,  the  needle  of  the  galvanometer 
is  momentarily  dcflcincd.  When  the  motion  ceases,  the 
galvanometer  needle  comes  to  rest  again  in  its  original 
po.sition;  and  if  then  the  magnet  be  withdrawn,  the  needle 
is  momentarily  deflected  in  the  op|>osite  direction.  The 
greatest  effect  in  one  direction  is  produced  when  the  magnet 
is  intrndiiccii  :Yry  rapidly  right  insult  the  coil,  and  in  the 
oppoMte  direction  when  the  magnet  is  tv/r  ra[>idly  with- 
drawn from  the  coil.  I'hc  directions  of  the  tnovemcnt 
of  the  needle  arc  also  reversed  if  the  nianncl  is  itimcd 
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round  and  brought  uj)  with  its  south  pole  nearest  the  coil, 
instead  of  its  north  pole,  as  in  the  figure.  By  bringing  up 
the  magnet  in  different  ways,  such  as  horizontally  and 
otherwise,  it  will  soon  be  found  that  there  is  no  motion 
of  the  needle  except  when  magnetic  lines  are  introduced 
into,  or  withdrawn  from,  the  space  enclosed  by  the  coil.' 

U'e   would  remind  the  reader   that  the  whole    of  the 
space  round  a  magnet  is  in  a  state  of  strain,  and  that  the 


m^i 


Fig.  91.     J.iiic..  or  Force  and  Louducting  Ring. 

f magnetic  lines  to  which  we  are  referring  are  only  meant 
ilo  call  up  a  mental  and  graphic  picture  of  the  directions 
land  magnitudes  of  the  strains.  'I'hese  magnetic  strains  and 
I  the  lines  depicting  them  are  as  much  part  of  the  magnet 
its  iK>les.  They  may  be  modified  by  the  presence  of 
[iroD,  and  by  other  actions  in  the  external  space,  but  if  the 
[magnet  be  moved  they  accompany  it.  Thus,  in  Fig.  91,  if 
[the  magnet  S  A'  be  moved  nearer  to  the  ring  /',  a  glance 
Int  the  dircrtion  of  the  lines  will  show  that  niore  lines  will 
iss  through  the  ring,  and  if  the  magnet  be  slip]>ed  right 

'  Strictly  spfaking.  this  will  only  be  Ihc  caw  when  the  cunnecting 

|WMr«   In    the   g:i|v.in<iinctcr   nrc  rloscly  twisleil  Ingcthet   so    that    no 

nclic  lines  ciui  paM  hotwecn  tkcin. 
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into  the  ring,  all  the  lines  which  pass  through  the  material 
of  the  niagriL-t  will  pass  through  the  ring.  During  the 
motion  of  the  nuignet  towards  and  into  the  ring  currents 
will  be  induced  in  tlie  ring.  Now,  as  regards  the  intro- 
duction of  the  lines,  it  is  obviously  immaterial  whether  wc 
move  the  magnet  towards  the  ring  or  the  ring  towards  the 
magnet,  and  experiment  shows  that  in  either  case  the 
induced  currents  arc  the  same,  provided  the  rate  of  approach 
be  the  same. 

The  direction  in  which  the  induced  currents  circulate 
in  the  ring  or  in  the  coil  in  the  various  possible  ca.scs  is  very 
important.  It  is  easily  deduced  for  any  given  change  of 
the  enclosed  lines  by  applying  the  following  simple  law 
first  enunciated  by  Lenz,  and  known  as  LeiU!'  Law:  -Tvi*- 
direction  of  the  induced  currents  is  such  as  to  set  up  a  field 
which  will  tend  to  retard  the  change  that  is  causing  the 
induction. 

To  apply  this  law,  \vc  return  to  Fig.  go.  If  the  N  j»olc 
of  the  magnet  is  moved  along  the  axis  of  the  coil  towards 
it,  this  motion  would  be  retarded  if  the  currents  in  the  coil 
were  such  as  to  produce  a  virtual  North  pole  at  the  lop  end  of 
the  coil,  for  that  would  repel  the  approartiing  N  pole.  Such  a 
virtual  North  pole  would  be  set  up  by  cunrcnts  circulating  in 
the  wires  of  the  coil  in  a  eounter-dockivise  direction  as  seen 
from  the  lop  end  of  the  coil.  The  direction  of  the  niove- 
menl  of  the  galvanometer  needle  shows  that  this  is  the 
direction  of  the  momentary  currents  in  the  toil.  ,\gain,  as 
the  magnet  is  withdrawn,  the  N  pole  Ixiing  downwards,  its 
withdrawal  would  be  retarded  by  the  attraction  of  a  South 
pole  produced  at  the  lop  end  of  the  coil.  The  induced 
currents  are  found  to  l)c  such  as  would  produce  such  a 
South  pole :  they  flow  in  a  clockwise  direction  roimd  theJ 
axis  of  the  coil,  and  hence  deflect  the  galvanometer  necdiel 
the  opiit)sile  way. 

The  direction  of  the  circulation  of  the  current*  rdjuired 
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^to  produce  the  various  attractions  and  rcpuisiuns  can  be 
I  remembered  by  the  "  corkscrew  "  rule  already  given  (|)age 
149).  This  suggests  another  way  of  applying  I.enz'  law. 
If  the  motion  of  llic  magnet  is  such  as  to  incrtase  the 
number  of  lines  of  force  passing  through  the  coil  or  circuit, 
the  induced  currents  will  tend  to  pack  lines  through  in  the 
[opposite   direction,  and   thus  retard  the  increase.     On  the 


^>Trm^ 


[Other  hand,  if  the  motion   of  the  magnet  is  such  as  to 
decrease  the  number  of  lines  of  force  enclosed  by  the  coil 

'  or  circuit,   the  induced  currents  will    tend   to   pack    lines 

!  thniugli  in  the  same  direction,  and  thus  retard  the  decrease. 
It  must,  of  course,  be  remembered  that  the  lines  of  force 

I  of  a  magnet  arc  regarded  as  running  from  the  N  [>ole  to 

I  Ihc  S  pole 

In  Fig.   91   we  have  indicated  by  arrows  on  the  ring  R 

[tlic  directions  of  the  currents  induced  in  it  as  the  magnet  is 

]  moved  up.     The  reader  may  apply  both  the  above  methods 
to  examine  and  check  this  result. 

In  Ihc  preceding  we  have  for  clearness  always  spoken  of 
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a.  permitiieiil  magnet  being  used  in  the  experiments,  but  it  is 
obvious  that  llic  same  results  woulJ  follow  if  an  electru- 
roagnet  or  even  a  simple  solenoid  carr)'ing  a  current  were 
used.  Thus  the  permanent  magnet  of  Fig.  90  may  be 
replaced  by  a  coil,  P,  carrying  a  current  as  in  Fig.  92.  As 
this  coil  is  moved  up  it  will  induce  a  momentary  current  in 
S  in  one  direction,  and  as  it  is  moved  aw.iy  there  will  be  a 
momentary  current  in  the  opposite  direction.  A  little 
consideration  will  show  that  in  the  first  case,  when  the  coil 
approaches,  the  induced niirent  will  he  in  a  contrary  directum 
to  its  own  current ;  for  the  induced  current  must  be  such 
that  the  two  nearest  ends  of  the  coils  must  have  the  same 
Viitu.il  polarity,  and,  therefore,  when  both  are  looked  at 
from  above,  the  two  currents  must  circulate  in  opposite 
directions,  ."similarly,  as  the  current  coil  /"is  withdrawn,  a 
current  must  be  induced  in  the  coil  S,  which  circulates 
round  its  axis  in  the  same  direction  as  that  of  the 
current  in  the  receding  coii. 

We  have  above  spoken  of  the  lines  as  being  introduced 
into  the  "  coil  or  circuit "  j  the  latter  word  opens  uj)  a  wider 
aspect  of  the  question.  First,  for  the  currents  to  flow  at 
all  there  must  he  a  closed  circuit.  Secondly,  the  currents 
which  are  induced  in  such  a  circuit  depend  on  the  change 
in  the  number  of  lines  of  force  enclosed  by  the  circuit  at  a 
whole.  Thus,  if  in  one  part  of  the  circuit  the  lines  are  being 
diminished  ur  packed  through  in  the  opposite  way  at  ihc 
same  rale  at  which  they  arc  being  introduced  at  another 
part  of  the  circuit,  no  current  wilt  be  induced.  In  Fig.  90 
if  the  magnet  he  brought  up  horizontally  to  the  centre  r>f 
the  outside  of  the  vertical  loil,  no  current  will  be  observed  ; 
for  one  half  of  the  coil  has  lines  |>;i.ssed  through  it  in  one 
direction  and  the  other  half  of  the  coil  has  an  etju.-jl  nnnilwr 
|M<uied  through  it  in  the  oppo.site  dire<-tion. 

Again,  there  may  be  no  muvoucnl  of  thi.- 
if  llio  nei.dk'  rii  i-ivcf.  two   (iiUMr'.iti-  iniimlsi  ■ 
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after  one  another.  Thus,  if  tlie  coil  B  in  Fig.  90  be  hold 
over  the  floor  .ind  the  m.ignct  dropped  right  throiigli,  the 
tendtmcy  of  the  needle  to  move  in  one  direction  during  the 
I  approach  of  the  magnet  is  immediately  followed  by  an  equal 
but  opposite  tendency  during  the  retreat.  If  very  sensitive, 
the  galvanometer  needle  may  give  a  slight  quiver,  but  tiiere 
will  be  no  large  deflection. 

'I'here  is  another  way  of  regarding  the  phenomena,  which 
wc  bhall  find  very  convenient  when  considering  dynamo 
machines.  Whenever  a  current  flows  in  a  circuit,  it  is 
liccause  an  electromotive  force  has  been  somehow  set  up  in 
one  or  more  parts  of  the  circuit.  In  the  case  of  batteries, 
we  Iiave  given  reasons  for  supposing  that  E.M.K.'s  exist  at 
the  metal-acid  junctions.  Now  when  momentary  currents 
are  induced  m  closed  circuits  by  the  motion  of  magnets, 
E.M.F.'s  must  be  momentarily  present  in  the  circuit. 
Supjxjse,  for  instance,  that  a  very  small  gap  is  made  some- 
where in  the  circuit,  so  that  no  currents  can  actually  flow, 
but  everything  else  remains  as  before.  If  now  a  m.ignet  is 
mo\'ed  as  before  near  the  circuit,  we  should  expect  to  find 
that  the  Itndeney  for  the  current  to  flow  is  set  up  in  the 
conduirtors — in  other  words,  that  an  E.M.F.  is  generated  by 
the  motion  of  the  magnet.  Experiment  shows  that  this  is 
the  case,  for  we  can  detect  and  measure  this  E.M.F.  with 
suitable  instrutiients. 

Where,  then, are  we  to  look  for  the  "seat  of  the  E.M.F.," 
or  in  what  part  of  the  conductor  is  it  developed  ?  We  have 
cecn  that  when  the  circuit  is  closed  the  current,  and  there- 
fore the  E.M.F.,  depends  upon  the  rate  of  increase  (or 
decrease)  ol  the  lines  enclosed  by  the  circuit.  Now  the 
hnes  of  force  are  dosed  amies,  and  can,  therefore,  only  get 
inside  the  closed  circuit  by  passing  .icross  or  cutting  through 
the  conductor.  Suppose  that,  instead  of  thus  entering  at 
many  parts  of  the  circuit,  they  enter  across  a  comparatively 
sliori  length  uf  it  as  in  Fig.  93,  in  which  the  bar  A  li  is 
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supposed  to  be  sliding  along  the  rails  C  D  and  F  H,  and  is 
thus  increasing  the  number  of  lines  in  the  galvanometer 
circuit  1)>  tiic  actual  enlargement  of  the  circuit  The  change 
that  is  taking  place  is  due  to  the  movement  of  the  slidcr» 
and  it  is  not  unrcisonable  to  suppose  that  the  K.M.I',  that 
is  driving  the  induced  currents  round  the  circuit  should  he 
situated  in  the  slider.  But  the  slider  is  merely  cuttin(( 
lines  of  force.  Hence  we  are  led  to  the  principle  that 
whenatr  a  condudor  <Hts  lines  of  forct,  an  E.M.F.  is  set  ufi 
in  the  conductor  at  the  place  where  the  lines  of  force  cut 
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across  it.  The  direction  of  this  E.M.F.  depends  ui>on  the 
positive  direction  of  the  lines  and  the  direction  of  motion  ; 
it  can  be  deduced  from  the  rules  already  given  by  supf)Osing 
the  conductor  connected  by  sliding  contacts,  as  in  Fig.  93, 
with  fixed  conductors  so  as  to  form  with  them  a  closed 
circuit.  Thus,  if  the  vertical  arrows  represent  the  lines 
of  force  and  the  slider  move  from  left  to  right,  the 
induccil  current  will  be  counter-clockwise  in  the  circuit 
shown,  and  therefore  the  far  end  of  the  slider  will  be  at  a 
higher  ixMcntial  than  the  near  end.  The  slider  cutting  the 
lines  of  force  acts  as  an  electrical  pump,  and  Ix-haves  just  a-s 
a  battery  would  if  it  were  placed  in  A  li. 

.\s  an  e.xampic,  suppose  a  railway  train  travelling  north- 
waras  at  the  rate  of  sixty  miles  an  hour.  The  a.xles  of  the 
wheels  arc  conductors  cutting  the  earth's  lines  of  force  at  a 
definilc  mte,  and  a  calculable  E.M.F.  is  set  up  fn  each  of 
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these  axles.      Unfortunately  it  is  100  small   to  he  of  any 
Ipractical  use. 

CSurreDt  Induction. — Another    phase    of   the    same 

class  of  phenomena    was    discovered  and  investigated    by 

I  Faraday   at    the    same    time.       It    is    frequently    treated 

tcpamtely  under  the  name  of  "  current  "  induction,  but  the 

I  principles  involved  are  the  same   as   those    we   have  just 

Lconsidercd. 

As  already    frequently    pointed  out,   there  is  in   the 

leighhourhood    of    an    electric     conductor     carrying    a 

current  a  field  of  magnetic  force,  and  we  have  described  the 

[iind  of  field  for  various  typical  cases.     Now  this  field  is  only 

present  whilst  the  cunent  is  actually  flowing.     If,  therefore, 

re  suddenly  start  a  current  in  a  circuit,  one  effect  is  to  set 

Itip  this  magnetic  field,  which  increases  in  strength  as  the 

Icurrent  grows  until  the  latter  has  attained  its  full   value. 

Illie  magnetic  lines  may  be  pictured  as  .spreading  outwards 

am  the  conducting  circuit  as  the  current  grows,  and  will, 

pf  course,  eventually  pass  through  any  other  clo.sed  con- 

pucling   circuit   which  happens  to  be  placed  so  as  to  lie 

kcToss  their  paths,     Now,  according  to  the  principles  already 

lunciated,  this  packing  of  magnetic  lines  into  the  second 

Circuit   will   induce  a    momentary  current  in   it  in  such  a 

iircction  as  will  tend  to  retard  the  putting  in  of  the  lines. 

IV'e  should,  therefore,  expect  that  the  starting  of  a  current 

any  circuit  will  cause  a  momentary  current  in  any  other 

iloscd  circuit   in    its    neighbourhood.     This  wa.s,    in    fact, 

rhat  Faraday  observed  in  his  first  experiment  described  on 

ige  170. 

For  example,  if  a  makc-and-break  key  be  inserted  in 
he  twtlery  circuit  in  Fig.  92.  as  shown  in  Fig.  94,  then 
lie  .ihould  expect  that  whenever  the  key  K  is  closed  or 
cncd  there  will  be  a  momentary  jerk  of  the  needle  of  the 
Hoter  as  long  as  the  two  coils  arc  in  the  positions 
>  •■      I'or  v.'hcn  the  coil  /"has  no  current  in  it,  there 


I  So 
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is  DO  mugiielic  lii-UI  surroumlin^  it,  and  no  lines  of  force 
from  it  pass  tliruiigli  ilie  coil  .9.  But  w  lien  P  bears  n  current, 
some  of  the  lines  of  force  due  to  this  cunent  will  pass 
through  S.  Ihe  ilosing  of  the  battery  circuit  is,  therefore, 
equivalent  to  the  bringing  up  of  a  magnet  to  the  position 
of  /'  from  an  infinite  distance ;  and  the  breaking  of  the 
battery  circuit  is  equivalent  to  the  sudden  removal  of  this 


magnet.  In  each  case,  therefore,  currents  will  be  induced 
in  S ;  in  the  first  case  in  such  a  direction  as  will  tend  to  rcjicl 
the  coil  /',  and  in  the  second  case  in  such  a  direction  as  will 
tend  to  attract  1'.  The  first  of  these  currents,  i.e.,  the  current 
at  makt,  it  will  be  found  must  circulate  round  the  common 
axis  of  the  two  coils  in  the  op/n'sili-  direction  to  the  current 
in  /';  whilst  the  current  at  /trtak  will  cin  ulate  round  in  ihc^ 
same  direction  as  the  current  in  /'.  These  are  sometimes 
referred  to  as  inverse  and  Jirctl  currents,  and  the  result  Ls 
briefly  stated  thus;— On  making  a.  current  inrxrst  currents, 
and  on  hreakini:  the  current  dir«t  coircnis  are  in(iuc«<i 
in  ncighbouiuig  circuits. 
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The  effect  is  even  perceptible  when  the  neighbouring 
'  parts  of  the  two  circuits  consist  of  two  parallel  wires  only, 
IS  in  Fi^  95.  On  pressing  the  key  A'  so  as  to  start  a 
current  '\n  A  fi,^.  momentary  current  in  the  opposite  direction, 
I  as  shown  by  the  arrow,  is  induced  in  D  C.  The  application 
of  the  preceding  rules  to  this  case  is  very  easy.  A  current 
from  .'/  to  B  will  cause  lines  to  pass  upwards  through  the 
circuit  D  C  H  Af  from  below  the  table  Whilst  these 
lines  are  being  forced  into  the  circuit,  a  current  must 
be  induced  which  will  tend  to  force  lines  downwards  from 


// 
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above  to  below  the  table.  The  direction  of  the  current  must, 
therefore,  be  clockwise  in  the  circuit  D  C  H  N,  that  is  it 
must  pass  from  D  to  C. 

Similarly,  on  breaking  the  l»ttery  current  at  the  key  A' 
a  momentary  current  will  be  induced  in  the  wire  CD  from 
C  to  D.  .Mso  any  incrtiue  or  darease  of  the  current  in 
/#  //  will  rause  induced  currents  to  flow  in  the  circuit 
J)  {^  ft  N  duritij^  the  time  thai  the  increase  or  decrease  is 
laktHf:  fUace.  These  induced  currents  in  and  from  neigh- 
liouring  circuits  become  of  great  importance  in  telephone 
work. 

(nduced  currents  may  themselves  give  rise  to  further 
induced  currents,  and  these  yet  again  to  others,  and  so  on. 
The  existence  of  these  induced  currents  of  the  second  and 
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hiij^hcr  orders,  as  ihey  are  called,  was  very  carefully  inves- 
tigated by  Professor  Henry,  of  Princeton,  with  the  ribbon 
coils  shown  ai  the  foot  of  the  electro-magnet  in  Fig.  78. 
The  principle  of  the  phenomena  is  illustr.ited  in  Fig.  96.  Tlie 
coil  1.  is  |ilaccd  in  circuit  with  a  battery  and  key  (not  shown 
in  the  figure),  so  that  a  current  can  be  passed  through  it  and 
broken  at  pleasure.  Coil  II.  is  plai  ed  close  to  I.  and  in  its 
ma^jnctic  field,  and  coil  111.  is  in  circuit  with  II.  but  at  a 
distance  from  it.  Coil  W.  is  similarly  placed  within  the  field 
of  III.,  nnd  its  wire  L-n<ls  in  two  metallic  handles  which  can 
l>e  Ki^spcd  by  the  observer.     The  nuiking  and  breaking  of 
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the  current  in  I.  causes  momentary  alternate  currents  in  II. 
and  111.,  and  the  rise  and  fall  of  these  currents  give  rise  to 
oiill  more  complex  currents  in  IV.,  the  variations  of  which 
are  phyxiologically  perceptible  to  the  observer  as  a  nervous 
hhock. 

Self-induction. — Hut  the  fact,  that  tht  packing  of  tints  of 
ma)^n(tic  Jotrc  info  it  dosed  (ircuit  inducts  an  E.At.F.  in  that 
circuit,  \\nf,  a  still  further  consequence.     We  have  seen  that 
when  a  current  llows  in  any  circuit,  all  the  lines  of  force  doc 
to  the  current  ju.ss  through  the  circuit.     Therefore,  vhiht 
tht  turrtntis  grmvinf^'m  the  circuit  tht  nitinhtr 0/ lints fiasting 
through  it  /.(  incrtaiing.     Thus,  during  this  tim 
bean  induced  K.M.F.  in  the  circuit,  and  a  nn 
sldciation  will  show  that  the  induced  E.M.F.  must  act  as  a 
back  frtisurt,  and,  therefore,  retard  t/te  rist  tf  the  mmnt. 
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lis  induced  E.M.F.  bcin^  due  to  the  current's  own  lines 

force  is  known  as  the  E.M.F.  o( se/finJiiflion. 
On  the  other  hand,  when  the  circuit  is  broken,  the  lines 
[of  force  due  to  the  current  arc  taken  out,  and  ilicrefure  an 
I  E.M.F.  is  induced  in  the  circuit  in  the  same  direction  as  the 
l£.M.F.  of  the  electric  generator,  and  tending  to  rttard  tht 
faU  of  tilt  current.  In  conseciuence  of  this  added  E.M.F. 
induction  the  fwtential  difference  (IM')  at  the 
[two  sides  of  the  break  may  rise  so  higii  as  to  cause 
fa  vivid  sjark.  The  eflcct  is 
[csj)ecially  noticeable  if  llie  lines 
[of  force  through  the  circuit, 
I  or     the     inductance     of     tlie 

rcuit,  are  very  great,  as 
I-when  an  electro-magnet  Is  in- 
Icluded  in  the  circuit.     Thus,  if 

small  Imttcry  with  an  E.M.F. 
a  few  volts  only  be  used  to 
|cxcilc    a  large  electromagnet, 
fthe    spark    on    breaking    the       Kig.  97.— Efftu  of  Self-indociioo. 
[circuit   may   be   so    long  and 

ivivid  as  to  indicate  a    P.D.  of  hundreds  of  volts   at   the 
[point  where  the  circuit  is  broken. 

The  rise  of  the  I'. I),  at  the  two  sides  of  the  break  may 
ll)e  made  perceptible  pliysiologirally  by  a  very  simple  ex- 
rpcrimcnt.  Let  the  current  from  a  battery  B  be  sent 
[thruugh  an  electromagnet  E.M.,  and  let  a  niakeand-break 

:y  K  be  inserted  in  the  circuit.     Join  two  nielallic  handles 

c  by  conducting  wires  to  two  parts  of  the  circuit  close 
the  key,  but  one  on  each  side  of  it.  If  a  person  takes 
fhold  of  the  two  handles  with  his  hands,  then  when  the  key 
|K  is  pressed  he  docs  not  perceive  anything,  but  when  the 
[key  is  raised  so  as  to  break  the  circuit,  he  will  experience 

shaq)  shock,  though  lie  could  handle  the  terminals  of  the 
Ibalicry  U  without  experiencing  any  sensation. 
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Another  very  instructive  way  of  regarding  llic  maltcr 
is  the  following.  The  space  included  in  the  magnetic  field 
of  a  current  is  in  a  state  of  strain,  and  bodies  in  a  state 
of  strain  have  energy  stored  up  in  them  which  will  do  work 
as  the  strain  is  relieved.  A  familiar  example  is  a  coiled 
watch-spring,  which,  as  it  uncoils,  drives  the  watch.  But 
in  order  to  store  up  this  slrainottrgy  in  the  body,  or  in 
the  ether  of  the  space  surrounding  the  current,  work  must 
be  done  by  some  source  of  energy.  Thus,  whilst  the 
current  is  growing  in  a  circuit,  the  current  generator  is 
called  upon  to  supply  magnetic  strain  energy  to  the  sur- 
rounding medium,  and  therefore  there  is  not  so  much  of  its 
energy  available  for  driving  the  current,  and  the  growth 
of  the  current  is  retarded,  But  when  the  circuit  is  broken, 
most  of  this  stored  energy  is  thrown  back  into  the  cir- 
cuit, large  electric  jircssures,  or  I'^.M.F.'s,  are  developed 
therein,  and  the  bulk  of  the  energy,  unless  some  other  work 
be  provided  for  it,  is  expended  in  the  heat,  light,  and  sound 
of  the  spark.  Part  of  it,  however,  is  t-xpciided  in  evtr.i 
heat  in  the  wire. 

In  fact,  in  circuits  of  appreciable  inductance  the  electric 
current  behaves  as  if  it  had  molar  or  mass  inertia.  A 
stream  of  water  cannot  be  suddenly  started  or  stopped  in 
a  pipe  because  of  its  mass,  which  necessitates  .in  expendi- 
ture of  energy  to  set  it  in  motion,  and  this  energy  has  to  be 
taken  out  of  it  before  it  can  be  brought  to  rest.  These 
operations  take  time.  .Similarly,  an  electric  current,  in  the 
rases  mentioned,  lakes  time  to  get  under  weigh,  and  when 
attempted  u>  be  slop[»ed,  tends  to  go  on.  The  diffcrenre , 
between  the  two  cases  consists  in  the  fact  that  the  energy ' 
in  the  first  case  is  stored  in  the  water  itself,  whcrca.s  in  the 
C.1.SC  of  the  current,  the  encrg)-  is  stored  in  the  surrounding 
ether. 

This  quaiiiirrlia  of  the  current  leads  to  many  ruriouit 
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Kc  give  one  example  of  them  here.  An  electro-m.ignel  S 
'ifj.  98)  is  placed  in  circuit  with  a  battery  /?,  and  a 
alvanomcter  G  is  placed  as  a  by-i>alh  or  s/iiint  across  the 
rrniinals  of  S  at  the  points  a  and  /'.  'I'he  battery  current 
Bows  partly  through  G  and  partly  tl>rough  S,  with  directions 
ndicated  by  the  dark  arrows,  but  the  galvanometer  needle 
kept  in  its  zero  position  by  a  i)in  against  which  it  jiresses. 
)n  breaking  the  circuit  at  K  the  galvanometer  needle  is 

A' 
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riolcntly  jerke<l  away  from  the  pin,  showing  the  existence  of 
I  current,  as  indicated  by  the  dotted  arrows,  in  the  opposite 
iircrlion  to  the  battery  current.  This  is  readily  explained. 
!'he  K.M.I''.  of  self-induction  brought  into  play  on  breaking 
he  battery  circuit  is  far  greater  in  5  than  in  G,  because 
the  greater  inductance  of  S.  'I'his  E.M.F.  is  in  the 
lirection  of  the  original  current,  but  it  now  has  a  closed 
circuit  through  5  and  G  in  which  to  work  ;  conse<iuenily 
causes  a  rush  of  current  (the  so-called  "extra-current") 
nd  this  circuit,  thus  expending  the  magnetic  strain- 
R  if  the  original  current.     'Ihe  breaking  spark  at  K 

•  fore  be  very  small. 
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Dynamo-Electpic   Machines. 

iNTROUUCrORY. 

Although  Faraday's  discovery  of  magneto-electric  induO;^M 
tion  was  made  in   1831,  and  shortly  afterwards  published^V 
to  the  world  in  language  so  clear  that  those  who  ran  might 
read  and  understand,  it  was  nearly  fifty  years  before  the  rich 
harvest  of  fruit  thai  can  be  directly  traced  to  that  discover)' 
began  to  be  gathered  in.     It  must  not  be  supposed  that 
the   discovery   during  that   long   interval  was  entirely  un- 
productive, but  the  development  was  extremely  slow,  and 
mostly  showed  itself  in  the  elaboration  of  laboratory  ajv 
paratus  and  pretty  experiments  for  the  lecture  table.     But 
at  last  the  time  came  when,  with  the  improvement  of  the 
Dynamo  Machine,  engineers  began  to  [)erceive  that  a  ne 
power  for  bending  inanimate  nature  to  their  will  had  bee 
put   into   their    hands,    and    Electrical    Engineering    was 
recognised  as  worthy  of  study  by  those  who  direct  our  great 
manufacturing  industries. 

What,  then,  is  a    Dynamo-Electric  Machine,  or  more 
shortly,  a  Dynamo,  and  how  is  it  that  its  development  has 
had  and  is  still  having  so  great  an  effect  on  the  industries 
of  the  world  ?     The  first  (|uestion  may  be  answered  formally, 
thus  : — A  Dynomo-EUctrif  Af,i(hine  is  a  Afac/iine  for  fon^, 
vertinf:  mccltanical  eiirr^y  into  the  energy  0/  elecirit  currents 
by  moving  (onductors  (usually  of  copper)  which  form  parts: 
of  closed   circuits,    in    a    magnetic  field,   or  by  tuirying  11 
magnetic  field    in    the  presence   of  such   conductors.      'Ihe 
answer    to    the    second    question    propoimdcd    above    is 
also   indicated   in   this  definition,   for    wherever  mechan- 
ical energy  has  to   be  transmitted   from  a  distant   sour 
to  some  other  place  where  it  is  desired  to  utilise  it,  ihi 
electric  current  forms  n  very  convenient  means  of  effect- 
ing the  transmission  ;  and,  as  we  shall  see  in  the  t«(|w:t. 
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Il)e  energy  of  the  current  can  al  tlie  desired  point  be 
[reconverted  into  the  mechanical  or  any  of  the  other  fomis 
1  of  energy  best  suited  for  the  particular  purpose  in  view. 

Before  we  proceed  to  consider  the  details  of  the  ap- 

[plianccs  used  in  this  method  of  transforming  mechanical 

linto  electrical  energy,  it  would  be  well  to  em[)hasise  the 

Ifart,  ihjt  in  all  methods  of  generating  electric  currents  by 

I  means  of  magneto-electric  induction  mechanical  energy  is 

lused   up.      The  method,  as  we  have  explained  in   the 

previous   pages,    essentially   depends   upon    the    variation 

of  the  number  of  lines  of  magnetic  force  passing  through 

a  closed  conducting  circuit.     This  variation  may  be  caused 

by  moving  a  magnet  towards  or  away  I'rom  the  circuit,  and 

it  is  jjerhaps  not  easy  to  see  at  first  whence  the  energy  of 

I  tbc  induced  current  in  the  circuit  is  derived.     It  is  found, 

I  however,  as  a  matter  of  experiment,  that  to  move  a  magnet 

I  towards   a  cloitd  copper  ring,  as  in    Fig.    91,   requires   a 

greater  force  than  if  the  ring  be  cut  across  somewhere  so 

that   it  does   not   form  a  closed  circuit  and  currents   are 

'  unable  to  flow  m  it.     The  additional  energy  thus  used  up 

Us  converted  into  the  energy  of  the  induced  electric  current, 

(which  in  this  case  is  expended  in  warming  the  ring.     But 

llhc  variation  of  the  number  of  lines  passing  through  it  niay 

I'bc  caused  by  moving  the  ring  itself,  and  here  again  it  is 

I  found  by  experiment  that  to  move  the  closed  ring  towards 

I  the  magnet  requires  the  expenditure  of  more  energy  than  if 

jib':  ring  be  moved  through  exactly  the  same  space  when 

llhe   magnet  is    not   present.      Once   more  the  additional 

[energy  is  converted  into  the  energy  of  the  induced  current, 

[which  is  eventually  expended  in  heating  the  ring.         " 

In  these  rases,  however,  the  amount  of  energy  trans- 
formed, first  into  current  energy,  and  then  into  heat  energy 
I  ibe  ring,  is  extremely  small,  and  the  additional  resistance 
motion,  as  well  as  the  small  amount  of  heat  produced, 
nii^hl  bolJi  esca[ie  notice.     But  by  increasing  the  intensity 
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pes.     The  axlf  A  A',  ui)on  whi<  li  the  disc  C  is  fixed,  is 
inccttd  l)y  ihc  toolhed-whecl  i;earing  with  the  handle  K 
such  a  manner  that  when  K  is  turned  slowly  C  revolves 
"Tapidly.      If  now  tlie  eleiiro-niagnet  is  iinextiled  and  the 
handle  A'  turned,  no  more  resistani.e  to  motion  has  to  be 
overcome  than  that  caused  by  the  mechanical  friction  of 
the  gearing.     Let  the  handle  be  so  turned   until  the  speed 
of   C  is  fairly  great,  and  then  let  E  be  excited  by  passing 
a    current   through   its   coils.      'J'he   exi)erimentcr   turning 
handle  immediately  feels  an  enormous  increase  of  the 
echanical  resistance  to  motion,  and  if  he  is  able  to  kee)) 
the  si>eed  at  all,  he  finds  that  he  has  to  do  much  more 
3rk  than  previously.     It  is  as  if  the  disc  C  were  suddenly 
lunged  into  a  viscous  resisting  medium,  such  as  treacle  or 
il-lar,  although  to  the  eye  the  space  Iietween  N  and  5 
es  not  appear  to  be  altered.     Should  the  speed  be  kept 
for  a  minute  or  two,  it  will  be  found  that  the  disc  C 
cotnes  hot.     How  is  this  ?     It  is  because  the  disc  C,  con- 
ting  of  a  fair  expanse  of  sheet  copper,  offers  the  choice  of 
"an    infinite    number   of  closed   conducting  circuits  to  any 
rents  which  may  tend  to  flow.     As  each  of  these  circuits 
Iters  the  magnetic  field  it  has  a  current  generated  in  it  in 
direction,  and  another  in  the  opposite  direction  as  it 
les  it.     But  according  to  the  general  law  already  enun- 
ciated (page  174)  these  currents  set  up  magnetic  fields  of 
a  nature  as  to  op(iose  the  change  that  is  taking  place, 
the   motiaa-Cif  the  North   pole  of  a  bar  magnet 
another  Ijar  magnet  is  opjiosed 
ans.     (.'onsequently    more   energy 
^the  disc  in  the  magnetic  field  than 
psent :  this  energy  is  directly  con- 
the  electric  currents  generated  in 
spent  in  heating  the  material  of 
of  these   currents  in   masses  of 
moving  through  a  m.ignetic  field, 
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or  placed  in  a  varying  magnetic  field,  was  firet  pointed  out 
by  Foucanlt,  and  they  are  usually  called  either  I'hufiiult 
(iirreiilSy  or  parasitic  currents^  or  aidy  currtnls.  They  play 
an  important  part  in  the  design  of  dynahio  machinery. 


lining  in  Magnetic  Field. 

A  still  simpler  exi>crimcnt  devised  by  Faraday  may  be 
performed  by  anyone  who  possesses  a  good  electromagnet. 
Suspend  a  disc   (in  Faraday's  orijjinnl  experiment  a  chIhj)^ 
A  of  topiK-r  or  silver  between  the  jxiles  5  .S'  (Fig.    ioo)( 
of  the  electro  magnet  by  a  thread  of  silk  twist.     Iflhedtscj 
be  allowed  to  hang  freely  and  the  magnet  be  unexdied,  th( 
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iilk  begins  to  iiniwist  until  the  disc  is  spinning  at  a  Tai)id 

flic.     Now  let  the  current  be  sent  tiuough  the  coils,  and 

immediately   the   motion  of  the  disc   is  arrested,  and  it 

Ibecnmcs  almost  stationary,  turning  only   very    slowly  and 

pparently  with  great  difficulty,  in  the  seemingly  unaltered 

The  stoppage  of  the  rapid  motion  is  due  to  the 

currenls  developed  in  the  disc  setting  up  magnetic  fields 

fhich  oppose  the  motioa    The  magnitude  of  these  currents 

(depends,  as  we  know,  upon  the  rapidity  of  the  motion,  which, 

Itherefore.   has   to  slow   down    to   such   a   point   that    the 

apposing  magnetic  forces  railed  into  play  are  comparable 

vith  the  very  feeble  untwisting  force  of  the  silk. 

The  experiment  may  l)e  varied  by  mounting  a  plate  or 
.  ring  of  copper,  so  as  to  swing  like  the  bob  of  a  penduluin, 
between  the  poles,  when  similar  results  will  be  obtained. 

These  simple  experiments  will,  we  hope,  show  the  reader 
that  the  production  of  magneto-electric  currents  recjuires  the 
expenditure  of  mechanical  energy.  We  have  purposely 
chosen  illustrations  in  which  the  closed  electric  currents  are 
imall  and  com|).'»ct :  but  since  the  resistance  to  motion  is 
luc  to  the  magnetic  field  set  up  by  the  currents  induced  in 
{these  moving  circuit!!,  the  mere  size  of  the  circuits  will  only 
irtucnce  the  magnitude  of  the  effect  Moreover,  a  moving 
irt  of  the  circuit  may  be  connected  by  sliding  contacts 
rith  a  fixed  part,  so  that  a  path  is  provided  for  the  induced 
current,  and  then  if  the  first  part  of  the  circuit  be  moved  in 
m.ignelic  tieUl.  the  same  resistance  to  motion  due  to  the 
ime  causes  will  be  developed.  In  what  follows,  we  wish 
reader  to  bear  these  considerations  in  mind,  though  to 
ivoid  wearisome  repetition  we  may  not  always  specifically 
iircrit  his  attention  to  them. 

Returning  to  our  definition  (page  io6)  we  observe  that 

dynamo  machine  must  be  so  constructed  that  either  a 

scd  circuit  or  part  of  a  closed  circuit  can  be  moved  in  a 

jnetic  field,  or  that  the  magnetic  field  passing  through 
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some  part  of  a  closed  circuit  <an  l)e  varied.  From  the 
rundamcntal  principle  ol'  nwgneto  electric  induction,  we 
also  know  that  increasing  the  number  of  lines  of  force 
passing  through  a  closed  circuit  gives  a  current  in  one 
direction,  and  decreasing  thcni  gives  a  current  in  the  oppo- 
site direction.  Now  a  closed  circuit  is  necessarily  of  fmitc 
dimensions,  and  there  is  also  a  limit  to  the  magnetomotive 
force  which  the  most  powerful  currents  used  to  excite 
electro- magnets  can  give  us,  for  obviously  we  cannot  use 
such  currents  as  would  fuse  the  conductors  carrying  them. 
It  is,  therefore,  plain  that  we  cannot  go  on  increasing  in- 
definitely the  number  of  lines  of  force  through  our  closed 
circuit,  but  that  we  must  eventually  reach  a  point,  depending 
upon  the  greatest  intensity  of  the  magnetic  field  we  c^n 
produce  and  the  size  of  our  closed  circuit,  at  which  we  can 
pack  no  more  lines  through  the  latter.  Hut  currents  are 
only  induced  when  the  number  of  lines  is  clian)^ing.  When, 
therefore,  the  circuit  encloses  the  maximum  number  of  lines, 
we  can  only  fulfil  the  last  condition  by  beginning  \,o  diminish 
the  number  of  lines  passing  through  it.  But  this  will  give 
us  a  current  in  the  ofipoiilr  direction  to  that  obtained  during 
the  increase  of  the  lines.  Also  the  process  of  dmiinutton 
must  come  to  an  end,  to  be  followed  again  by  one  of  increase, 
which  will  restore  the  current  to  its  first  direction,  to  be  again 
reversed  later  on.  Thus,  as  a  primary  condition  of  this 
method  of  generating  a  current,  we  .see  that  the  currents 
originally  set  up  must  be  alternately  in  opposite  directions  ; 
such  currents  are  known  as  alternatt  (iirrtnti. 

As  an  illustration,  consider  the  case  of  a  rectangular  loop 
of  wire  (Fig.  loi')  mounted  so  as  to  rotate  between  the 
]>olcs  N  8  of  a  large  magnet.  \Vhcn  the  loop  is  vertireil,  it 
embraces  the  greatest  fiossible  number  of  lines  of  force  of 

'  Flit  lhi«  anil  innny  of  llic  fiKiire*  illuHtritiiig  the  (hcoiy  of  l!ic 
rtynamo  the  author  is  indebted  lo  the  ktndnc&s  of  I>r,  Silrainn  V. 
Tlioropwn. 
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ie  field  ;  when  it  is  horizontal,  as  shown  by  the  thiilvd 
lies,  it  has  nii  lines  of  force  passing  Ihroiif^li  it,  fur  it  must 
rcnjeinliered  that  by  this  term  wc  mean  that  the  lines  of 
jrcc  actually  thread  through  the  plnnt  of  the  circuit  from 
le  side  to  the  other,  and  do  not  merely  pass  in  through 
be  material  uf  the  wire  at  one  side  and  out  throuy;h  the 
naterial  of  the  wire  at  the  other,  never  leaving  the  plane  of 
be  loop. 

Starting  now  from  the  vertical  position  as  shown  in  the 
?ure,  let  the  loop 
turned  in  a 
Aockwise  direction, 
rbe  lines  of  force 
the  field  run 
jm  the  pole  N  to 
te  jKile  S.  Let 
imagine  our- 
elves  looking  at 
be  loop   from  the 

pole.     As  the  loop  rotates,  the  tjumber  of  lines  of  force 

rhich    were   passing   through    it    in    the    vertical    position 

ecomes    less.      Therefore,  if  the  loop   be   a   continuous 

ilosed  one,  currents  will  be  set  up  in  it  which  will  tend  to 

wp  this  change,  i.e.,  which  will  pack  into  it  lines  of  force 

the  same  direction  as  those  which  are  being  cut  out. 

Iius,  looking  from  the  N  pole,  a  clockwiie  current  will  he 

up  in  the  loop  as  it  passes  from  the  vertical  to  the  liori- 

jntal  |X7sition.     In  the  same  way  it  may  be  shown  that  as 

he  loop  passes  from  the  horizontal  to  the  vertical  position 

its  continuous  ri nation,  a  counter-clockwise  current  will 

set  up  in  it  as  itai  from  (h--  JV pole.     But  we  would  now 

looking  at  the  other  face  of  the  wire,  and,  therefore,  in 

Ti'irf  the  direction  of  current  is  the  same  in  this  second 

volution   as   in  the  first  quiirter,  vi/.,  horn  front  to 

;  l"^  the  wire  which  has  been  sweeping  [last   the  N 
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pole.  But  a  change  occurs  as  we  enlt-r  upon  the  lliird 
quartcr-revolulion.  The  lines,  which  have  been  getting 
threaded  tlirough  the  loop  during  the  scxond  quarter 
revolution,  have  now  reached  a  maximum,  and  they  bcgilj 
to  be  cut  out  again.  Thus,  there  is  a  real  reversal  of  trurren 
in  the  loop,  whether  we  look  at  its  direction  from  the  N  polfl 
or  tliink  of  its  direction  in  the  wire.  It  becomes  clo(fnvis< ; 
seen  from  the  former,  or  from  back  to  front  in  the  wire  which 
is  beginning  to  sweej)  over  the  face  of  the  S  pole.  I'inally, 
in  the  fourth  <iuartcr-revolution  the  induced  current  retains 
the  same  direction  from  back  to  front  in  this  wire  as  in  th(^ 
third  ([uarter,  though  it  again  changes  its  direction  as  sec 
from  the  N  pole. 

To  sum  up  :  starting  from  the  vertical  position,  there  it 
an  induced  current  in  the  loop  froni/rt»«/  to  back,  along  tli^ 
wire  which  starts  at  the  top,  during  the  whole  of  the  fir 
half-revolution  ;    during     the    second    half-revolution    th^ 
current  in  the  same  wire  is  reversed. 

We  have  sjjoken  throughout  of  currents  being  set  up 
the  loop,  but  if  the  loop  be  not  quite  continuous,  that  is,  if 
there  be  a  small  non-conducting  gaji  in  it,  say  at  the  fror 
end,  no  currents  can  flow  ;  but  the  tendency  for  the  current 
to  flow  caused  i)y  the  cutting  of  the  lines  of  force  will  cxia 
In  other  woids  an  Electromotive  force  will  be  set  up  in  \\\\ 
loop  in  one  direction  during  the  first  half  of  a  revolution 
and  in  the  opposite  direction  during  the  second  half.     TI« 
magnitude  of  this  E.M.F.  depends,  as  we  have  seen,  on  tin 
rate  at  which  the  lines  of  force  arc  cut  by  the  conducioB 
Now  supposing  the  field  uniform  and  the  lines  stnight,  ii 
the  vertical  ])osilion  the  loop,  for  an  instant,  is  not  cuttin| 
liocH  at  all ;  it  is  simply  sliding  along  thciu.     At  this  iiisiani, 
therefore,  the  reduced  KM.K.  is  zero.     Asthelo" 
round  at  a  uniform  speed  it  ruts  the  lines  at  a 
incrcasinK  rate  until  it  reaches  the  horiitontal  position,  when. 
for  an  instant,  it  is  moving  at  right  angles  to  the  lines  ant 
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is  culling  them  al  the  greatest  possible  rate.  At  this  instant 
the  E.M.K  has  its  maximum  value.  It  then  fails  off  to  zero 
when  the  loop  is  again  vertical,  reverses,  rises  to  a  negative 
maximum,  and  falls  off  again  to  zero  as  the  revolution  is 
completed. 

This  rise  and  fall  of  the  E.M.F.  is  graphically  depicted 
in  Fig.  1 02,  in  which  the  different  angular  positions  of  the 
loop  are  plotted  along  the  horizontal  central  line,  and  the 
K.M.F.  induced  in  it  is  measured  vertically  upwatdi  when 
it  is  in  line  direction  in  the  win,  and  downwanis  when  it  is 
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in  the  opposite  direction.  The  jtoints  so  found  are  joined 
and  form  the  curve.  Thus  the  distance  of  any  point  on  the 
curve  from  the  central  line  represents  on  some  scale  the 
E.M.F.  in  volts  in  the  loop  at  the  instant  it  is  passing  the 
corresponding  position  as  specified  on  the  horizontal  scale. 
Position  o'  represents  the  vertical  position  of  the  loop,  and 
the  other  positions  are  measured  round  as  angles  from  this. 
Thus  the  first  horizontal  position  is  90',  the  next  vertical 
position  180",  the  next  horizontal  )>osition  270',  and  the 
complete  revolution  is  denoted  by  360',  when  all  the  changes 
begin  to  repeat  themselves  in  the  same  order. 

The  particular  scale  of  volts  depends  on  the  size  of  the 
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loop,  the  strength  of  the  field,  and  the  aiigular  speed,  this 
latter  being  supposed  uniform.  It  has,  therefore,  not  been 
marked  on  the  diagram,  which  is  meant  to  re[iresent  the 
general  case. 

If  there  is  a  complete  circuit,  these  various  E.M,F.'s 
l)roduce  the  corresponding  currents.  But  the  circuit  need 
not  be  completed  by  the  loo|>  itself,  which  may  be  cut, 
and  its  ends  joined  to  an  outer  conductor  or  series  of  con- 
ductors, which  completes  the  circ  uit  exactly  in  the  same  way 
as  the  wire  joining  the  poles  of  a  cell  completes  its  circuit. 
The  outer  circuits,  however,  being  fixed  and  the  loop 
rotating,  the  connection  between  the  two  must  be  made  by 
some  kind  of  sliding  contacts  or  hrtish<s  as  they  are  usually 
called. 

According  to  wliat  we  have  just  shown,  each  end  of  the 
cut  loop  on  either  side  of  the  gap  will  be  alternately  [xisitive 
and  negative  ;  or  when  the  loop  is  in  some  parts  of  its 
revolution  the  current  will  tend  to  flow  from  one  of  these 
ends  round  the  outer  circuit,  and  when  it  is  in  other 
parts  of  its  revolution  the  current  will  tend  to  flow  from 
the  other  end.  Thus,  if  a  particular  end  of  the  outer 
circuit  is  always  in  contact  with  the  sumt  end  of  the  wire 
loop,  the  currents  in  this  outer  circuit  will  be  altermUe 
currents,  of  the  same  kind  as  the  currents  that  would  circu- 
late in  the  loop  if  it  were  closed  on  itself. 

A  method  of  making  the  connections  so  that  such 
alternate  currents  may  be  set  up  in  an  outer  fixed  circuit  is 
shown  diagrummaticully  in  Fig.  103.  One  end  of  the  loop 
is  joined  to  tlic  metal  cylinder  or  b.irrcl  if,  the  other  is 
joined  to  the  shorter  metal  ring  or  sleeve  A  which  b 
s)ip|>ed  over  the  cylinder  but  is  separated  from  it  by  a  ring 
of  insulating  material  such  as  vulcanised  fibre.  //  and 
are  two  fixed  brushes  or  strips  of  copper  under  which  ihl 
ring  A  and  barrel  a  respectively  slide.  The  end*  of  the 
outer  circuit  C  are   |iermancnily  connected  to  B  and  h. 
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low  sometimes  B  is  positive  ami  b  negative,  and  at  other 
times  b  is  positive  and  B  negative.  Tlie  current  in  C  is, 
therefore,  sometimes  in  one  direction  and  sometimes  in  the 
[Other,  and  there  are  thus  alternate  currents  in  C.  Fig.  103 
tin  fact  shows  the  method  of  connection  with  the  outer 
tiicuit  in  those  alternate  current  dynamos  which  have  the 
coils  under  induction  movalile  {see  p.ige  208). 

If  the  current   in  the  outer  circuit   is  recpiired  to  flow 


Fig.  i«>j. — L'noncfiiniK  rtf  I«oop  for 
AlUriule  Currciiu. 
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always  in  the  same  direction,  a  different  method  of  connection 
lis  necessary.  We  must  so  arrange  our  contacts  that  at  the 
moment  when  the  two  ends  A'  and  a  {Fig.  104)  of  the  loop 
[are  about  to  reverse  their  relative  |X)tentials,  the  connections 
l«rith  the  ends  of  the  outer  circuit  must  be  automatically 
iTcrcrsed.  This  is  done  by  using  a  two-part  comwutator, 
[%yhich  will  commute  or  change  the  connections  at  the  right 

moment.     The  simplest  form  is  the  split-ring  commutator 
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shown  diagrainmatically  in  Fig.  104,  and  in  section,  with 

the  slidinj;  l)rushes,  in  Fig.  105.     A  short  piece  of  brass  or 

copper  lube  of  convenient  diameter  is  cut  into  two  parts 
A  and  "  parallel  to  its  axis,  and  these  two 
parts  are  separated  a  little  way  and  fixed  to 
an  insulating  hub  H  which  turns  on  the 
axle  X  on  which  the  loop  is  mounted.  The 
ends  A'  and  <»'  of  the  looji  are  joined  to  the 
two  parts  A  and  n  of  the  sjilit  tube,  and 
the  fixed  brushes  B  and  b  are  so  adjusted 
that  they  slide  from  one  section  of  the  tul)o 
to  the  other  when  the  plane  of  the  loop  is 
vertiral,    that  is   just   when   the  E.M.F.   is 

changing  sign.     Thus  the  current  in  any  outer  circuit  joined 

permanently    to   B  and  /'    is   continuously   in   the    same 

direction.     But  with  a  single  loop  such  a  current  would  lie 

very  unsteady,  as  it  would  fall  to  zero  and  rise  to  a  niaxi 

mum  twice  in  each  revolution  of  the  loop. 

Another  simple  case  is   of  importance.      Instead  of  a 

loop   rotating   in   the   magnetic   field  let  a  ring  of  iron  / 

(Fig.  106)  he  rotated,   and  on   this 

ring  let  a  icy;  turns  of  a  small  coil  he 

wound  and    its   ends   brought  down 

to  a   two-part    commutator    on   the 

axis    of  rotation.     The    position   of 

the  magnet-poles  is  the  same  as  before, 

and  may  be  seen  in  Fig.   loi.    The 

lines  of  force  of  the  field  will  be  drawn 

through  the  iron  ring  as  they  pass 

from   pole  to  pole,  but  the  general 

relation  lo  them   of  the  ring  in    its 

different   positions  will  be  much  the 

same  as  in  the  loop.     At   the  top  the  coil   embraces  a 

maximum  number  of  the  lines  but  is  not  cutting  any ;  ihe 

F..M,F.  in  it  is  therefore  «cro.     When   at   the  right-hand 
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end  o(  the  hori/ontal  diameter  no  lines  pass  through 
the  coil,  but  it  is  culling  tlieni  most  rapidly,  and  the  K.M.F. 
•  is  a  maximum.  At  the  bottom  the  case  is  similar  to  the 
lop,  jiut  the  K.M.F.  is  al)Out  lo  change  over  the  other  way. 
From  the  bottom  to  the  top  the  K.  M.F.  is  reversed,  and  rises 
to  a  negative  maximum  when  the  coil  is  at  the  left-hand  end 
of  tlie  horizontal  diameter.  If,  therefore,  the  ends  of  this 
coil  arc  joined  to  an  outer  circuit  through  the  two-part  com- 
mutator and  sliding!  hnishes  as  before,  this  circuit  will  receive 
a  continuous  but  unsteady  current. 

These  simple  cases  have  been  dealt  with  in  great  detail, 
because  a  clear  understanding  of  them  will  enable  our  readers 
to  grasp  wiih  little  difficulty  the  more  complicated  cases  uf 
roagnelo-elcctric  induction  which  occur  in  actual  dynamos. 

Leavmg  for  a  time  the  case  of  .ilternate  currents,  we 
shall  now  consider  how  the  unsteady  continuous  currents 
of  the  simple  loop  and  the  one-coil  ring  may  be  made 
steadier.  We  should  first  explain,  however,  that  the  p.irt  of 
ihc  machine  in  which  currents  are  generated  by  induction 
is  called  the  iirmature,  a  name  which  was  originally  applied 
to  the  keepers  or  pieces  of  soft  iron  jommg  the  poles  of 
horseshoe  permanent  magnets  (page  1 58).  .As  relnlivt  motion 
of  the  magnetic  field  and  the  armature  coils  is  all  that 
is  needed  to  induce  currents  in  the  latter,  the  armature  is 
not  always  the  moving  part  of  a  dynamo.  Sometimes, 
especially  in  alternate-current  machines,  the  armature  is 
stationary  and  the  field-magnet  is  rotated.  It  is  a  matter 
to  be  decided  by  mechanical  convenience. 

There  .xre  several  types  of  annatures  for  continuous- 
current  injichines,  liut  those  built  on  the  model  of  the  two 
simple  cases  just  considered  are  most  frequently  met  with. 
They  are  called  drum  armalurcs  and  rinf^  armatures  re- 
spectively.    \\  c  lake  the  latter  first. 

Rin^  Ariiialura. — Fig.  107  represents  diagrammaiically 
the  connections  of  a  (irammc-ring   and  its  commutator. 
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'I"he  ring  roiisisls  of  a  ccnlrdl  core  Imill  up  of  iron  wires 
varnished  so  that  they  are  electrically  insulated  from  one 
another.  This  core  is  then  continiioiisly  overwound  with  , 
insiilnted  copper  wire,  which  forms  a  single  closed  coil  over- 
lying the  whole  of  the  core.  In  P"ig.  107  this  cf»ppcr  con- 
ductor is  for  clearness  re|)rcsenled  as  separated  into  eight 
distinct  coils,  hut  it  should  lie  noticed  that  these  coils  are 
so  joined  together  as  to  form  one  continuous  closed  circuit, 
nil  the  Kpirnls  of  which  |)ass  in  the  same  way  round  the  ring. 
The  eight  junctions  of  the  separate  coils  are  connected  liy 
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copper  wires  to  the  eight  conducting  strips  of  the  eight-part 
split  tube  commutator,  which  for  the  present  nuy  be 
regarded  as  the  two  |wirt  commut.itor  already  descrilicd  still 
further  divided,  and  mounted  as  before  on  an  insulating 
hull.     The  lirushcs  are  also  shown  in  the  figure. 

For  simplicity  supiwse  the  outer  circuit  to  lie  a  elosi^  one, 
and  that  the  induced  F..M.F.'s  give  rise  to  the  concspoiKl- 
ing  <urTents ;  also  that  the  direction  of  rotation  is  clockwise. 
Coil  No.  I  is  [Kissing  from  a  )>osition  in  which  it  encloses  a 
maximum  of  the  lines,  and  the  lines  through  it  ore  de- 
creasing;  as  seen  from  N  it  will  have  a  clockwise  current 
inducL-<l  in  it,  for  such  a  current  would  tend  to  restore  the 
dc[)arting   lines  according   to  tht  curk/Hrew   rule.      This 
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Current  would  flow  from  the  inside  to  the  outside  of  the 

ing  on  Llic  near  wires,  and  such  a  llow  is  indicated  by  tiie 

irrow-hcads.     No.  2  coil  will  he  affected  similarly,  Init  the 

Hnduced  E.M.F.'s  will  he  greater,  as  it  is  cutting  lines  more 

Ifapidly.     No.  3  coil  ha-s  passed  the  minimum  position,  and 

enclosing  more  and  more  lines  of  force  as  it  rotates. 

Seen  from  N  the  currents  in  it  will  be  counter-clockwise, 

[but  in  the  near  wires  this  still  means  a  current  which  is 

iTadully  from  inside  to  outside.     No.   4  coil  behaves  simi 

flarly,  hut  with  weaker  K.M.F.s.     In  coil  No.   5,  which  is 

I  losing  lines  of  force,  the  currents  should  be  clockwise,  as 

seen  from   N,  and  therefore  radially  from  outside  to  inside 

kon  the  near  wires.     Similarly  examining  coils  6,  7,  and  8 

Iveparately,  it  will  lie  found  that  the  currents  in  them  are  all 

[from  outside  to  inside  in  the  near  wires.     The  result  of  all 

[these  actions  is  that  .ill  the  currents  on  the  right-hand  side 

[of  the  ring  arc  flowing  upwards  towards  the  junction  c  .nnd 

Laway  from  the  junction  d,  and  all   those  on  the  left-hand 

Bide  are  also  flowing  upwards  towards  c  and  away  from  d. 

jFrom  symmetry  the  H.M.F.'s  on  the  two  sides  should  be 

'equal,  and  therefore,  if  no  external  path  is  provided  for  the 

currents,  these  E.M.I-'.'s  will  cancel  one  another,  and  no 

ccurrcnt  will   flow,   although  the  wires  of  the  ring  form  a 

closed  circuit ;  but  the  point  r  will  be  at  a  higher  potential 

^han  the  point  d.     If  now  the  junctions  c  and  d  be  joined 

!>y  a  conducting  circuit  through  the  commutator  segments, 

»nd  the  sliding   brushes,  the  currents  from    both  sides  of 

Ihc  ring  will  combine   to  flow  through  this  outer  circuit, 

which  a  continuous  current  will  be  maintained  as  long 

the  rotation  of  the  ring  is  kept  up.     This  current  will 

llso   \k  much    steadier   than    when   only  a  single  coil    is 

iscd,  for  in  every  jwsition  of  the  ring  there  are  coils  on  the 

fight  ajid  left,  in  which  considerable  RM.F.'s  are  being 

induced.     As  each  coil  passes  across  the  positions  of  zero 

induction,  or  neutral  |X)sitions,  at  A  and  D  it  is  transferred 
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from  one  side  to  the  other  of  the  ring  at  the  moment  its 
induced  E.M.F.  changes,  thus  the  effect  of  its  change  upon 
tlie  total  available  E.M.F.  is  partly  smoothed  out.  Also  the 
changes  in  the  induced  E.M.F.'s  of  the  other  coils,  as  a 
brush  slides  across  one  commutator  segment,  are  not  very 
great.  Calculation  shows  that  when  the  ring  is  divided 
into  eight  segments,  as  in  the  figure,  the  fluctuation  is  only 


Kij;.  loS.— Method  of  Winding  Si«maifi  nnim  Armaitt  e. 


3'8  per  cent,  of  the  maximum  value,  and  if  the  number 
of  segments  and  of  corresjjonding  commutator  bars  Ik: 
increased  to  40,  the  fluctuation  is  only  o'i4  per  cent.,  or 
Jess  than  t  J  parts  in  1,000. 

Drum  Armatures. — The  simple  loop  of  Fig.  106  can 
also  be  built  up  into  an  armature  which  will  give  a  steady 
continuous  current  by  longitudinally  winding  an  insulated 
wire  in  continuous  loops  upon  a  hollow  drum  or  cylmdcr  of 
iron.  n>c  method  of  doing  this  is  partly  shown  in  I*'ig. 
108,  which  represents  the  Siemens  Dnim  Armature  partly 
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wound.  Only  om;  coil,  consisting  of  eight  loops,  is  shown 
in  position  with  its  two  ends  joined  to  two  consecutive 
bars  of  the  i6-i)art  commutator.  The  next  coil  might 
\k  wound  in  the  space  marked  out  by  the  next  set  of 
wedges  at  the  extremities  of  the  drum,  one  end  being 
soldered  to  the  radial  bar  b  and  the  other  to  a  bar  connected 
with  the  next  segment  of  the  commutator.  Then  a  third 
coil  could  be  wound  in  the  next  space,  and  so  on,  until  the 
whole  sixteen  coils  were  in  position.  There  will  then  be  two 
coils  between  each  set  of  wedges.  .\s  a  matter  of  fact,  to 
lessen  the  danger  of  the  breakdown  of  the  insulation,  the 
coils  are  wound  on  in  a  slightly  different  order,  though 
otherwise  the  final  result  is  the  .same.  After  the  first  coil  is 
wound  on,  the  armature  is  turned  completely  over,  and 
what  ni.iy  be  called  No.  9  coil  is  wound  on  top  of  it,  and 
eventually  conned ed  to  its  proper  commutator  segments. 
Then  No.  2  coil  is  wound  on  and  followed  by  No.  j  o  coil 
wound  on  top  of  it ;  and  so  on,  till  the  whole  sixteen  coils 
are  in  position.  Also  the  commutator  is  not  slijiped  on  to 
the  axle  until  all  the  coils  are  wound.  It  is  then  put  in  its 
place  and  the  necessary  junctions  made. 

When  such  an  armature  is  placed  in  the  field  between  two 
magnet- poles,  a  sequence  of  inductions  takes  place  similar  to 
that  wc  have  described  in  detail  when  considering  ring  arma- 
tures. One  half  of  the  coils  sends  a  current  past  one  side 
of  the  commutator  towards  one  brush,  and  the  other  half 
sends  an  equal  current  past  the  otlrer  [side  to  the  same 
brush  ;  these  currents  unite  to  flow  round  the  outer  circuit 
to  the  other  l)rush. 

One  inconvenience  in  the  winding  of  drum  armatures 
is  the  bunching  up  of  the  wires  at  the  two  ends  of  the  drum 
where  they  overlay  one  another.  Many  ingenious  devices 
have  been  patented  for  avoiding  this  difficulty. 

Polt  Armatures. — Instead  of  being  wound  with  the 
planes   of    their   coils   perpendicular   to   the   direction   of 
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motion,  these  planes  may  be  parallel,  as-  shown  diagranv 
m;iliailly  in  Fig.  io<).  Such  armatures  are  called />«//' arrna- 
lures,  hut  are  not  mvirli  used  in  continuoiis-c\irrcnt 
machines.  When  the  radial  poles  of  the  armature  are 
hori/.utital,  the  toils  bui rounding  ihcm  enclose  a  maximum 
numlicr  of  the  lines  of  force,  and  (he  induced  E.M.I'".  in 
them  is  zero.  \Vhen  the  poles  are  vertical,  no  lines  of  force 
|viss  through  the  coils,  hut  the  rale  of  cutting,  and  therefore 
the  [i,M.F.,  is  a  maximum.  Following  out  the  reasoning 
applied  to  Fig.  107,  it  will  he  seen  that  the  Imishcs  should 


Fig.  109.  —Simple  Pole  Arm.'^ture  showing  Cnnneclionii. 


be  placed  at  the  ends  of  a  horizontal  diameter  instead  of  the 
ends  of  a  vcrticiil  one  as  in  the  two  previous  rases. 

Disc  Ariihitures. — These  armatures  arc  built  uix>n  a 
principle  first  employed  by  F'araday,  who,  in  this  particular 
experiment,  was  the  inventor  and  constructor  of  the  first 
dynamo  machine.  The  s[>ccial  advantage  of  such  an 
armature  is  that  it  gives  a  continuous  current  of  electricity 
without  the  use  of  a  commutator.  The  apparatus  is  simil.u 
to  that  (Fig.  99)  u.sed  subisequently  by  Foucault  to  &how 
the  existence  of  "eddy  currents."  A  copjxr  disc  is  toiatetl 
(Fig.  110)  between  the  poles  «  i  of  a  magnet  which,  in 
some  of  Faraday  s  experiments  was  a  permanent  magnet,  in 
others  an  electro-magnet.     Collecting  springs  of  copper  or 
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lead  slide  uiion  the  circumference  and  ihe  axis  of  the  disc, 
as  shown  in  the  detached  figure  on  the  left.  When  the 
disc  is  rotated  in  a  clockwise  direction,  radial  currents 
flow  in  it  from  the  axis  towards  the  circumference,  and  in 
the  outer  circuit  fioni  the  slider  />^  to  the  slider  A,. 
This  action  is  in  accordance  with  the  rules  already 
given,  for  as  each  vertical  radius  cuts  across  the  poles,  its 
motion  will  tend  to  increase  the  lines  of  force  in  the  circuit 


Fif.  iie<-  KaratiayV  Simple  Oim.  Dynaiiiu. 

of  which  it  tera|iorarily  forms  a  part ;  hence  the  production 
of  the  above-named  currents. 

The  construction  of  large  machines  of  this  type  has  not 
met  with  a  great  measure  of  success,  as  there  are  several 
■serious  practic^il  difficulties  in  the  way.  The  chief  arc  the 
friction  of  the  circumferential  Itrush,  and  the  production  of 
wasteful  "eddy  currents  "in  the  revolving  disc  even  when 
slit  radially. 

The  four  classes  of  armatures  just  described  are  all 
adapted  to  give  continuous  or  unidirectional  currents  in  the 
attached  external  circuit.  These  armatures  do  not  exhaust 
all  ihc  varieties  that  have  been  devised  for  the  purjwsc,  but 
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they  are  sufficient  to  indicate  the  principles  involved.  In 
some  forms  the  diflerent  coils  are  not  joined  in  a  con- 
tinuous circuit,  Imt  have  their  ends  brought  to  parts  of 
specially  constructed  commutators,  on  which  their  currents 
are  rombined  by  properly  placed  brushes. 

Alternate      Current     Arnuitures. — In     another      large 
class  of  machines  no  attempt  is  made  to  "commute "or 
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"  rectify  "  the  alternate  currents  which  wc  have  seen  (page 
\i)2)  must  always  be  induced  in  the  armature  coil& 
These  currents  arc  delivered  into  the  outer  circuit  in  ihc 
form  in  which  they  are  generated,  namely,  as  alttrnaU 
iurrtnti.  If  the  armature  be  lixcd,  it  can  be  joined  per- 
manently to  the  outer  circuit  through  appropriate  switches ; 
but  if  it  l>e  the  moving  part  of  tlie  dynamo,  the  connection 
between  it  and  the  fixed  external  circuit  must  evideaUy  be 
made  by  sliding  contacts  i}f  some  kind. 


ALTER^fATB    CURKENT  ARMATURES.  207 

Besides  the  absence  of  ihe  commutator,  there  is  another 
marked,  but  not  theoretically  essential,  difference  between 
continuous  and  alternate  current  dynamos,  in  the  shape  of 
the  field-magnets.  The  field-magnets  of  continuous  current 
machines  are  most  frequently  two-jwle  or  four-polc  magnets, 
whereas  those  of  alternate  current  machines  are  usually 
multipolar. 

Fig,  1 1 1  shows  diagrammatically  the  arrangement  of  field- 
magnets  and  armature  coils  adopted  inmany  alternate  current 
d)namos.  The  field-magnets  N  S,  S  N,  iSrc,  are  simple 
solenoids  with  iron  cores  bolted  to  iron  frames  and  facing 
one  another  with  opposite  poles;  the  lines  of  Ibrce  will 
therefore  run  straight  across  the  gap  from  N  to  ^  in  each 
case.  Also  the  lines  between  alternate  pairs  of  poles  run 
in  opjiosite  directions.  The  armature  coils,  i,  2,  3,  &:c., 
pass  between  these  poles  in  the  direction  shown  by  the 
doited  anow.  Thus  coil  i  is  just  leaving  a  field  in  which 
the  lines  run  from  back  to  front ;  coil  z  is  leaving  a  field  in 
which  they  run  from  front  to  back ;  coil  3  one  in  which  they 
run  from  back  to  front,  and  so  on,  alternately  round  the 
armature.  These  coils  have,  therefore,  at  the  instant  con- 
sidered, alternately  counter-clockwise,  and  clockwise  K.M.F.'s 
set  u[)  in  them,  as  shown  by  the  dark  arrows ;  but 
by  winding  alternate  coils  in  op[)osite  direitions,  as  in 
the  figure,  all  these  E.M.F.'s  will  tend  to  drive  currents 
round  the  armature  in  the  same  direction.  The  method 
of  joining  these  coils  to  the  collecting  rings,  as  they 
are  called,  is  delineated  in  Fig.  112,  in  which  the 
t'icld-iiuignets  are  removed.  The  connecting  wires  are 
Urought  along  the  axle  of  the  rotating  armature,  and  are 
r«»j)CCUvely  joined  to  the  two  rings  on  which  the  brushes 
slide. 

Returning  to  Fig.  iii,  when  coil  i  has  advanced  to  the 
position  of  coil  2,  coil  2  to  that  of  coil  3,  and  so  forth,  the 
current  will  l>c  in  the  opposite  direction  round  the  armature 
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and  in  tlie  external  circuit,  the  change  occurring  when  the 
revolving  coils  are  directly  between  the  poles. 

In  other  dynamos  of  this  type  the  armature  coils  ar 
fixed,  and  the  field-magnet  poles  are  rotated  past  them,  thu^ 
inducing  alternate  currents. 

In  another  form  of  alternate-current  dynamo  the  amia-1 
ture  coils  are  disposed  with  their  axes  radial,  as  in  Fig.  109, 
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Fig.  iid^^Gjllccting  Rings  of  an  Alternate  Curnot  Ainutura. 


and  are  revolved  past  the  [.loles  of  a  multipolar  tield-magneti 
These  and  others  will  be  dcbcrilied  fully  further  on. 

The  Field  Magnets.      Irom  the  .inuaturc  we  pa»!t  t^ 
the  other  iniportjiii   part  of  the  dynamo  tnactiiiie,  namclji 
the  field-magnet,      I'he  function  of  this  jwrt  of  the  machin^ 
is   to   produce  the  magnetic   field,   which  c.mscs  induce 
K.M.l'W  and  currents  in  the  armature  coils  on  nccoimi 
the  relative  motion. 

The  field  magnets  may  be  cither  inrniancnl  stcd  magnc 
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soft    iron   elcctro-magnels,   but    in    all    large    modem 

.icltines  the  latter  arc  used,  because  of  the  greater  tnag- 

ctisability  of  soft  iron  compared  with  steel  (sec  [»age  153). 

he   ilisadvantagc   of    elec  tro-niagncts    is    that    ihey    lose 

arly  all  their  magnetism  when  the  current  is  stop|)cd;  it 

tlierefore  necessary  to  maintain  an  txdiing  atrrtnt,  as  it 

railed,  in    their   coils,   and  this   re(iuires   a   continuous 

pendilurc  of  energy  caused   by  the  /uitlhi^  effect  of  the 

rrent  on  the  wires  conveying  it.     It  should  be  carefully 

ted  that  the  energy  is  not  used  up  in  maintaining  the 

maj^netism."'  but  thai  ils  dissipation  is  due  to  the  eUclric 

sistance  of  the  wires.     The  same  (inwHiit  of  heat  would 

produced,  and  the  same  expenditure  of  energy  required, 

if  the  same  current  were  sent  through  the  same  wires  coiled 

.IS  to  give  no  resultant  magnetic  effect. 

In  large  electro-magnets  the  energy  expended  in  main- 

ining  the  exciting  current 

IS    suffiriently     large    to 

make  its  reduction    to    a 

minimum    a    matter     of 

actical  importance.    We 

usl,  therefore,  so  disjKise 

r    copper     conductors 

(I    iron    cores,    &c.,  as 

produce,    where    it    is 

anted,  the  strongest  pos 

l)le  field  with  the  least 

penditure  of  excitation 

crgy.     One  of  the  greatest  differences    between   recent 
lyaimos  and  those  built  six  or  seven  years  ago  is  in  this 
reetion. 

The  difference  between  a  well  and  a  badly  designed  field- 
agnct  will  be  readily  appreciated  by  comparing  1  and  2  ot' 
ig.  113.  The  thick  black  parts  of  both  figures  represent 
c  iron  portions  of  the  field-magnets  of  dynamos.     In  1 
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iliL-  magnetic  circuit  (or  path  for  tiic  magnelic  lines) 
unnecessarily  long  and  the  iron  is  thin  and  insufficient 
quantify.  In  2  the  magnetic  circuit  is  short,  and  contm 
an  ample  supply  of  iron  to  convey  the  magnetic  lines, 
both  figures  the  positions  of  the  exciting  coils  are  shown 
section  l)y  dots  ranged  alongside  the  enclosed  iron. 

In  well-designed  electro-magnets  the  reluctance  of 
magnetic  circuit  should  he  as  small    as  possible,  and 
exciting  coils  should  be  so  placed  as  to  give  the  renuis 
magnetomotive  force  with  the  least  possible  production 
wasteful  heat.     In  order  that  the  reluctance  of  the  magnel 
circuit  should  be  small,  we  must  choose  the  material  ca 
fully,  and  also  dispose  of  it  to  the  best  advantage.     The 
following  simple  rules  indicate  the  considerations  involved  :^ 


(i)  The  iron  (>art  of  the  circuit  should  consist 
material  of  high  magnetic  permeability,  such 
well-annealed  soft  wrought  iron. 

(2)  The  cross-section  of  the  iron  ijcrpendicular  to  i 
direction  of  the  magnetic  lines  should  be  am 
so  that  the  number  of  lines  jK-r  unit  area 
not  be  100  great. ' 

(3)  The  length  of  the  circuit  in  the  direction  of 
lines  should  be  as  short  as  possible. 

(4)  Any  neiessary  air-gap  should  be  made  as  narr( 
as  possible  in  the  direction  of  the  lines.  T 
mechanical  joints  in  the  iron  should  be  no  ra^ 
than  the  conditions  of  economical  manufact 
render  necessary,  and  the  surfaces  of  each  joi 
should  Ix-  carefully  fitted  together. 

But  in  addition  to  keeping  the  magnetic  reluctance  lo 
we  have  to  remember  that  the  energy  used  up  in  wastc^ 
heat  should  not  be  more  ihnn  is  absolutely  necessary.     No 

'  Nuiuciloil  data  are  given  in  I'»tl  It..  <'hiip.  VIII. 
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the  ohjeci  of  the  electric  circuit  is  to  produce  a  magneto- 
motive force  sufficient  to  overcome  the  reluctance  of  the 
magnetic  circuit  and  cause  a  certain  flux  of  magnetic  lines 
round  it.  'I'hc  magnetomotive  force  is  proportional  to  the 
product  of  the  current  and  the  number  of  times  it  is  linked 
through  the  magnetic  circuit,  or  to  put  it  shortly,' it  is  propor- 
tional to  the  amperetums  ;  it  is  independent  of  the  electric 
resistance  of  the  copper.  But  the  waste  heat  is  directly 
proportional  to  this  latter  resistance,  which  is  increased  byi 
increasing  the  length  of  the  copper  circuit.  Thus  a  large  • 
loop  gives  us  no  more  magnetomotive  force  than  a  small 
one,  but  with  the  same  current  and  gauge  of  cop[)er  wire 
wastes  more  energy  in  heat.  \Ve  should,  therefore,  keep 
the  coils  as  close  as  possible  to  the  iron,  and  not  coil  them 
up  in  many  layers  ;  to  do  this  and  also  get  on  the  requisite 
numl>cr  of  coils  would  require  a  long  length  of  iron,  which,  in 
order  that  the  loops  should  be  small,  should  not  have  a  great 
CToassection.  Both  these  conditions  are  ani.igonistic  to  rules 
(2)  and  (3)  given  above,  and  therefore  the  fmal  design  must 
be  a  compromise,  in  which  the  conflicting  conditions  arc  so 
lialanccd  as  to  give  the  best  attainable  resuU.  As  regards 
the  shape  of  the  cross-seciion  of  the  iron  where  the  coils 
arc  wound,  one  remark  may  be  made :  the  circle  being  the 
geometrical  figure  that  encloses  the  greatest  area  for  a  given 
lierimctcr,  the  cores  of  the  coils  should  be  of  circular  section, 
or  as  nearly  approai:hing  thereto  as  mechanical  considera- 
tions permit 

\Stt  shall  now  illustrate  the  above  remarks  with  a  few 
examples  of  the  field-magnets  of  modern  dynamo  machines. 
The  fact  that  the  conditions  for  good  design  are  fairly 
simple  has  led  to  an  almost  infinite  variety  of  modifications 
in  detail,  from  which,  of  course,  we  can  only  select  some  of  the 
rnost  typical  cases.  In  our  remarks  on  armatures  wc  have 
been  tacitly  referring  to  a  large  but  by  no  means  exclusive 
l)1)c  of  fieltl magnets,  namely,  those  possessing  only  two- 
u  2 
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poles.  No.  2  of  Fig.  1 1 3  and  Nos.  1  to  4  of  the  accomixuiyini 
ure  (114)  illustrate  widely  used  tyi>es  of  these  two-| 
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Fig.  1 14.— Some  Tjrplcal  forina  of  Fi«Ul-M<i)|ui:i<. 

machines.     In  .ill  these  figures  ihc  iron  of  the  ficld-magnc 
is  <hown  in  black  and  that  of  the  annatiirc  in  light  shadii) 


position  of  the  magnetising  coils  is  siiown  ijy  dots 

cither  side  of  the  cores.     No.  2,  l*'ig.  113,  and  Nos,  1 

titl  2,  Fig.  1 14,  are  machines  with  single  magnetic  circuits; 

other  words  the  lines  of  magnetic  tlux  How  in  one  general 

Ldirection  through  the  iron  of  the  field-m-ignets.     In  Nos.  3 

Ind  4,  however,  there  are  tw(j  general  paths  for  the  magnetic 

Hoes  in  the  iron  of  the  lieldniagnets.    In  Itoth  rases  the  lines 

cm  Ik  assumed  as  travelling  vertically  downwards  through 

be  armature,  then  <lcviating  to  the  right  and  left  to  the  vertical 

Sde  cores  or  yokes  which  they  ;v.s<cnd,  and  again  turning 

iwards,  re  unite  in  the  pole-i)icce  above  the  armature. 

The  other  three  diagrams  of  Fig.  1 14  represent  w//////<>/(/r 

Dachincs.     In  Nos.  5  and  6  the  poles  are  turned  inwards 

awards  the  rotating  armature  and  the  exciting  toils   are 

iround  on  them.     These  poles  are  alternately  N  and  S  ;  the 

fioagnctic  lines,  emerging  from  one  of  the  N  poles,  enter  the 

Ton  of  the  armature  and   divide  right  and  left,  travelling 

bough   the    iron  till   they    reach    the   adjacent   S   pole.s, 

[which  they  enter  and  complete  the  magnetic  circuit  through 

lihe  yoke  at  the  hack.     In  No.  7  the  field-magnet,  a  four-pole 

f  one,  is  very  compact,  and  lies  hnide  the  armature  which  rotates 

[round  it.      This  is  a  form  constructed  by  Messrs.  Siemens 

nnd    Halske,  and   illustrates  in  a  striking  manner  the  great 

adaptability    of    the  simple   principles  involved  in  dynamo 

QHstruction  to  variations  in  details. 


Thk   SKLK-ExCITING    PRINCIfLE. 

The  earlier  dynamo  machines  in  the  majority  of  cases 

icd  permanent  magnets  to  set  up  the  field  in  which  the 

nnature  revolved  ;  but  permanent  magnets  are  not  nearly 

powerful  as  electro  niagnets  of  the  same  size,  and  there- 

»rc  in  order  to  produce  the  same  output  of  electric  energy, 

|I  'lines  had  to  be  very  much  larger  and  heavier.     In 

■  !>  electro-magnets  were  used,  but  these  were  ener- 

by  currents  from  separate  current  generators,  which 
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were  sometimes  batteries  and   sometimes  smaller  dynamo 
machines  with  permanent  magnets. 

Tlie  great  advance  in  the  developments  of  dynamo- 
clcclric  machinery  during  the  last  sixteen  years  has  been  due 
in  large  measure  to  the  discovery  lliat  tht  mackint  itstlf  (nn 
I't  relit  il  upon  l<>  supply  I  he  exciting  nirrtnl  to  its  own  jUld- 
niai^/ifti.  We  have  already  (page  155)  referred  to  the  fact 
that  even  the  softest  and  magnetically  best  wrought-iron 
retains  sohk  trace  of  magnetisation  when  withdrawn  from 
the  magnetising  field  or  when  the  magnetising  field  is 
HUppressed  by  llie  cessation  of  the  current  which  gives  rise 
to  it.  What  is  true  of  a  mere  bar  of  iron,  which  when 
mnRnetised  has  to  complete  its  magnetic  circuit  through 
ihe  air,  is  still  more  true  in  such  magnetic  circuits  as  we 
have  ju.st  been  considering  in  the  case  of  the  field-magneis 
of  dynamo  machincii.  Indeed,  it  may  be  enunciated  as  a 
general  principle  that,  provided  no  change  is  made  in  the 
(|Unlily  of  the  iron,  the  betttr  Ihe  form  of  Ihe  magnetit 
ciratil  Ihe  f^realcr  is  the  pcrmtincHl  niai>n(lisalioH  it  ciih 
rttain.  Kven  in  a  badly  designed  dynamo  it  is  found  that 
there  l»  always  sufllcicnl  residual  magnetism,  as  it  is  called, 
10  utart  the  action,  which  is  usually  described  somewhat 
M  foll(iw».  'i'he  residual  magnetism  of  the  ficldinagnets 
kCti  up  a  Weak  majnetic  field,  and  when  the  armature  is 
kpun  in  tliii  field,  small  E.M.F.'s  arc  set  u)>  which  give  rise 
to  iinirtll  <  iirreiits  in  the  circuits  provided.  These  CTirtenis, 
or  part  of  llicin,  being  led  through  the  coils  of  the  field- 
magnets,  increase  the  magnetism  of  the  field,  which  then 
fjivcs  rise  to  greater  KM.F.'s  and  currents;  the  latter  still 
further  incTeaKc  the  field,  giving  rise  to  a  further  increase 
of  current,  ami  so  mi,  and  this  action  and  re-action  con- 
tinues aciording  to  a  kind  of » omiwund  inierc.st  law  until  the 
iron  tif  (he  field-magncts  liccomc-s  saturated  and  no  further 
inri'  '  1'-.     This''  illy 

lakv     ;  MiC  cxce|ili'  i      the 
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cessation  of  ihe  mutual  increase,  which— as  we  shall  see  pre- 
sently— is  only  partially  true.  At  first  this  building-up pmvtr 
of  the  residual  magnetism  was  not  very  confidently  relied 
upon,  and  it  was  customary  with  some  people  to  start  the 
action  of  the  machine  liy  first  sending  a  comparatively  small 
currvnt  from  a  primary  lialtcry  through  the  coils  of  the 
field-tuagnets.      This  is,  however,  quite  unnecessary. 

The  next  point  to  consider  is  how  the  electrical  con- 
nections are  made  so  as  to  send  a  sufficient  exciting  current 
round  the  coils  of  the  field-magnets  of  the  machine.  It 
must  be  remembered  that  the  magnetomotive  force  of  a 
current  circulating  in  the  wires  of  a  solenoid  is  proportional 
to  the  product  of  the  current  by  the  number  of  limes  it 
liasscs  round  the  axis  of  the  coil.  Thus,  a  weak  current 
[jassing  many  times  round  gives  as  great  a  magnetomotive 
force  as  a  strong  current  passing  a  few  times  round.  It  is 
not  surprising,  therefore,  to  find  that  both  these  methods 
of  obtaining  the  requisite  magnetomotive  force  and  com- 
binations of  them  are  employed  in  dynamo  machines.  We 
may  distinguish  three  principal  classes  ; — 

(i )  Series- wound  machines,  in  which  large  magnetising 
currents  arc  used. 

(2)  Shunt-wound  machines,  in  which  small  magnetising 

currents  are  used. 

(3)  Compound-wound  machines,  in    which  the    two 

former  cases  are  combined. 

Lest  it  should  be  imagined  that  the  employment  of  weak 
ctirrcnt*  leads  to  a  less  production  of  wasteful  heat  in  ihe 
coils  (jage  an),  we  must  remind  our  readers  that  with  a 
given  disposition  of  the  coils  and  the  use  of  the  same 
volume  of  copper  wire,  the  heat  wasted  in  maintaining  a 
given  magnetomotive  force  is  independent  of  ihe  actual 
current  used.  We  proceed  to  describe  the  electric  <  on- 
ncclions  required  in  the  above  three  cases. 
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The  Series  Dynamo.  -  In  this  machine  the  whole 
ilie  i:urrent  which  passes  through  the  outer  circuit  is  ser 
through  the  field  magnet  coils.  The  connections  for  doing 
thi.s  are  shown  diagrammatically  in  Fig.  115.  One  of  the 
brushes  is  |>ermanently  joined  to  one  end  of  the  nia<{neti!>ir 
coil,  the  other  end  of  which  is  soldered  to  the  hindin 
screw   which  forms  one   terminal  of  the   machine.      Tl 

other  lirush  is  pcrman 
cntly  connected  to  the 
other  terminal,  and  the 
ends  of  the  outer  citcuilj 
are  made  fast  to  thes 
two     termin.ils.       Tin 
figure  shows   the  (lotiii 
tive     hrush,      /.<•.,    the 
brush  Jrotn  which  cur:^ 
rents    flow,  joined 
the     fifld-magnet    coil 
but    whether    the   con 
neciion  is  made  to  th 
])Osilive    or    the   negil 
tive     brush    is    imma 
terial,    for   the  currtH 
is     tlu    samt     in 
parts      of     a      limp 
ciraiit     huch       as 
here    depicted.       i"h 
armature  is  supiwsed    to    be  rotating  clockwise,   and   ih 
arrows  show  the  direction  of  the   current    in    Ihe   circuit.' 
Since  the   whole   of  the   current  is  led   round   the   field 
magnets,   it    is   only  necessary  to    send    it    round   a   fc| 
times,  but  the  conducting  wires  u.scd  must  t>e  thick  enoug 
to   carry   this  current    without   liec(Mnit>g    incoiwcnicoti 
hot.     It  S'hoiild  be  noticed  that  no  cuii 
main  (cxtctnal)  circuit  is  closed,  an<l  ihi c 


MAIN 
CIRCUIT 
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Batme  may  be  rotating  at  full  speed,  the  potential  differ- 
incc  at  the  (erniinnls  is  very  sni.'ill  until  the  main  circuit  is 

3mplctcd  and   the  magnciisni  of   the  machine  begins  to 

iild  up 
The  Shunt  Dynamo. — Here  only  a  part  of  the  current 
[generated  in  the  armature  is  allowed  to  circulate  round  the 

iiagnelising  spirals  of  the  field-magnets.     Hollt  brushes  are 

'ig.  n  6)  permanently 
Itonnccti-d  to  the  ends 
>f     the      ficld-tnagnel 

iciil,  and  a]so  to  the 
txternal  tenninal  screws 
Bl  the  machine.  Thcre- 
bre,  wl>cn  the  current 
chcs  the  positive 
brush,  it  divides  into 

to  portions,  one  of 
ifhich  flows  round  the 
Beldmagnet  coils  to 
the  negative  brush,  and 
the  other,  usually  the 
latger,  (lows  round  the 
external  circuit  from 
one  brtish  to  the  other, 
provided  this  circuit 
lie  closed.  When  a 
current  divides  thus 
between  two  paths,  one  path  is  s;»id  to  be  a  shunt  to 
tlic  other,  hence  lite  name  given  to  this  form  of  winding. 
As  the  current  Howing  round  the  field-magnets  is  so  nuich 
tubtnictcd  from  the  cuntnt  available  fur  useful  work  in 
the  external  circuit,  it  is  made  as  small  as  possible  con- 
.i<.tcnt  with  the  development  of  the  necessary  magneto- 
ni<nivc  force.  It  is  therefore  necessary  to  lead  it  nutny 
Hmti  round  the  iron   of  the   field-magncls,  and   for  this 


^MAIN    CIRCUIT 
Kig.  116. — The  Shunt  l>yuati)o 


3 


3l8 


The  Electric  Curkkst. 


purpose  spirals  wound  withyfw^  wire  are  obviously  the  liest 
The  directions  of  the  two  sets  of  currents  are  shown  in  ih 
figure  by  light  and  dark  arrows,  the  armature  rotating  clock 
wise  as  in  the  last  figure.  In  shunt  dynamos  there  is  always  i 
closed  circuit  in  tonncotion  with  the  brushes  ;  and  therefore 
whenever  the  armature  is  running  at  the  proper  speed,  th^ 
field-magnets  are  fully  excited  and  the  full  E.M.F.  i>f  th 

machine  is  devcIo[M 

whether     the     outer] 

circuit    is    closed    orj 

not.     In  this  res|n:ctj 

they  differ  essentially 

from  series  dynamos. 

The  CompoaDd_ 
Dynamo  i-s  a  con 

binalion  of  the  prd 
ceding  methods 
winding.  The  ex 
tcrnal,  or  the  wholi 
annature,  current 
led  a  few  lir 
through  thick  spu 
round  the  field-ntaj 
nets,  and  in  addition 
a  sniall  shunt  current 
in  a  fine  wire  shur 
circuit  also  [xtss 
many  limes  round.  There  are  two  ways,  illustrated  it 
Figs,  1 17  and  118,  in  which  this  may  be  done.  In  Fig.  ii 
the  two  ends  of  the  fine  wire  magnetising  coil 
joined  directly  to  the  bnishes  os  in  Fig.  1 16,  and  lh< 
whole  of  the  txttrnal  current  passes  round  the  thici 
magnetising  spirals.  On  the  other  hand,  m  Fig,  iil 
the  ends  of  (he  fine  wire  magnetising  circuit  y- 
to  the  external  tcnninnis  of  thr  in.n  Iiiiic  inviiMil 
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F^R.  117..— The  CcMspuund  t  iynamo  (.Short  Shunt). 
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ushes,  and  the  whole  of  the  arina/ure  current  passes  round 
j>e  few  thick  magnetising  coils.     The  first  method  is  known 
"  short  shunt  "  and  the   second   as  "  long  shunt "  com- 
jund  v\inding. 
The  Separately-Excited  Dynamo.— In  the  above 
we   have   tacitly  assumed    that   the   dynamo   was  a 
snlimious-current  one,  and  that  the  currents  drawn  from  its 
ollcctor      by       the 
brushes     were    uni- 
lirectional.        Such 
lirrents  must  always 
cm|iloycd  to  pro- 
ace    tlie    field    re- 
aired  in  a  dynamo 
ichine.     If   there- 
»re      the     dynamo 
clivers       alternate 
Tents     into     the 
ktemal  circuit,  these 
lirrents   cannot    he 
to    excite    its 
field-magnets, 
l^hith  must  therefore 
supplied  with  a 
ntinuous     current 
otn       a      separate 
i:c  or  generator. 
Pot  larvjc  alteniate-current  dynamos  this  is  usually  a  small 
Biitinuous-currcnt  machine  i)Iaced  alongside  and  worked 
the  same  engine,  or  where  there  are  several  alternators 
r  iiate-current  dynamos)   in   the  same  place,   their 
U  i-.ts  may  all  be   excited  by  the  current  from  one 

ontmiTOUs-currcni  dynamo. 

In  some   alternators  a  few  of  the  armature  coils  are 
xinticclcd  to  the  liars  of  a  commutator  whiih  delivers  a 


Fig.  118. 
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unidirectional  current  from  thiese  particular  coils  to  a  [lair 
of  sti«rate  lirushes,  whence  it  is  led  through  the  circuit  of 
the  fieUl-niagnetii.  The  main  current  of  the  machine  is 
taken  from  the  remaining  coils  to  connecting  rings,  and  led 
into  the  external  circuit  as  an  alternate  current. 

Continuous-current  dynamos  might  also  have  their  ficld- 
magncts  excited  hy  currents  from  a  separate  source,  though 
tins  is  not  now  usual,  vxfcpt  as  an  auxiliary  for  purposes  uf 
a-guhition. 

K(a(tioHs  ill  Ihe  Armaturt. — Reluming  to  tlic  cose  of 

the  two-pole  dynamo  with 
a  Gramme  ring  armature 
(Fig.  107),  we  have  now 
to  consider  hrielly  the  eflcci 
of  the  current  in  the  arma- 
ture U|>on  the  field  due 
to  the  Aeld-magnets.  So 
far  we  have  neglected  thi 
and  have  assumed  that 
magnetic  field  in  which 
the  coils  revolve  remainsj 
unchanged  when  hcav^ 
currents  are  drawn  from  the 
Ki«.  ,.v.-UM»on'or«du«ioth.c«r«m  armature.  Obviously  this  iii 

not  the  case,  for  the  pass 
of  the  armature  current  converts  \\\e  armature  into  awflectro' 
ma^nel,  whose  presence  must  aflect  the  magnetic  field.  For 
a  reason  to  l^e  explained  presently,  the  brtishes  in  Fig.  107 
atv  not  set  on  the  verticjil  diameter,  Init  are  moved  a  few 
degrees  forward  in  the  direction  of  rotation.  SupjKise  .-/  to 
be  directly  over  these  brushes,  the  armature  currents  will 
flow  as  marked  by  the  arrows  in  Fig,  107.  .\  simple  -ip 
plication  of  the  corkscrew  rule  will  show  that  these  current 
will  magnetise  the  iron  of  the  ring,  xo  that  a  North  | 


,1  :ii    \  .iikI  :i  South  pole  :>i  p.     riu    li 
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due  lo  the  riitf;  ahnt  will  run  out  from  the  iron  at  N  (Fig. 
119),  and  into  it  again  at  .S.  'I'his  armature  field  is  super- 
posed upon  the  field  due  to  the  field -magnets,  the  latter 
causing  lines  to  enter  the  iron  round  a  considerable  length 
on  the  right  and  leave  it  round  a  similar  length  on  the  left. 
The  cflfecl  is  that  a  resultant  field  is  produced,  which  is 
shown  <liagranimatically  in  Fig.  120  and  as  mapped  out 
l)y  iron  filings  in  Pig.  \2\.    The  original  ficlil,  due  to  the 


Fir.  lao. — Twisted  FieM  due  to  Maf^nctic  Re-action  of  Armature. 

field-inagnets  alone,  is  twisted  round  in  the  direction  of  the 
rotation,  and  at  the  same  time,  according  to  the  general 
law  (I^nz')  of  such  reactions,  is  rendered  weaker.  The 
field  being  thus  distorted,  the  neutral  position  in  which 
Ihc  coils  have  no  imluced  E.M.  F.  in  them  will  no  longer 
be  on  the  vertical  diameter,  as  assumed  in  l'"ig,  107,  l)ut 
will  lie  moved  forwani  in  the  direction  of  rotation.  This 
fora'ard  set  of  the  brushes  is  known  as  the  /<•</(/,  and  is 
nccotxnry  if  the  machine  is  to  run  without  sparking  at  the 
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bnishes.     The  chief  reason  for  the  forward  lead  is  that  jii 
given,  I  lilt  in  prariicc  the  lead  has  to  he  increased  a  little 
more  because  of  other  minor  reactions. 

Losses  in  the  Armature. — It  may  not  be  without  inter 
to  our  readers  if  we  briefly  indicate  the  different  ways  i^ 
which  energy  is  lost  in  an  armature,   for   these   illuslrafa 
from  a  practical  standpoint,  the  importance  of  some  of  tfa 
least    generally    known    laws    of    niagnelic    and    electr 
phenomena.     First,  there   is  the  loss  due  to  the  heatin 


Fig.  i%x. — Twisted  Field  u  iihowt)  l>y  Iron  Filings. 

effect  of  the  current  in  its  passage  through  the  armatu 
coils.      This   can    be   reduced    for  a  given    current    on^ 
by  reducing  the  electrical  resistance  of  the  armature  coil 
by  shortening  the  length  of  the  wire   and   increasing  i| 
cross-sectional  area.      These  conditions  are,  how.  -. 
gonislic  to  the  production  of  high  K.M.I-.'s,  ami 
can   only   be   [lartially  met.      Secondly,  there  is  a  loss 
energy  due  to  magnetic    hysteresis.      The  current  in 
armature  coiI°.  and  therefore    the   magnetism  of  the  ir 
core.  IS  boil  illy  reversed,  and  with 

cvcK-  i)f  nil  II  We  have  an  atnoiiiif  ol 
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porlional  to  the  area  of  the  hysteresis  loop  (page  155). 

Lc  aiiDllicr  reason  for  using  good  wrought  iron  for  the 

iture  coil,  as  its  hysteresis  loop  is  much  less  than  that 

cast  iron  or  steel.     Lastly,  there  is  the  loss  due  to  the 

urination  of  "  I'oucault ''  or  "eddy"  currents  in  the  iron 

the  armature.      This  is  reduced  by  lamination,  or  the 

lilting  up  of  the  iron  with  insulating  material,  across  the 

ection  in  which  the  currents   tend  to  flow.      Thus  the 

>n  of  the  armature  is  either  made  up  of  thin  flat  rings 

t;d  on  to  the  a.xlc  of  the  machine  and  separated  from 

ne  another  by  sheets  of  {>aper  or  other  material,  or  consists 

a  bundle  of  iron  wires,  each  separately  varnished,  and 

Diled  up   into  the  required   Ibrm.       For   example,  in  the 

Semens  armature    (Fig.    108)   the    drum    on   which    the 

Dpper  wires  are  wound  consists  of  two  thick  gun-metal 

beeks  fixed  on  the  axle  at  the  two  ends      These  carry  an 

projecting  rim,  upon  which  a   thin   sheet  of  iron  is 

:»pped,  and  over  this  is  coiled  a  quantity  of  soft  iron  wire, 

fully  varnished.     The  eddy  currents  tend  to  circulate 

directions  parallel  to  the  outer  copper  wires,  but  in  this 

Birection  the  iron  is  discontinuous,  and  offers  no  conducting 

ctric  circuit. 

We  thus  see  how  necessary  it   is    in  the  design  of  a 

I  dynamo  machine  to  be  thoroughly  acquainted  with,  and  to 
lllow  for,  the  more  recondite  effects  which  careful  research 
ns  proved  to  be  always  present  when  certain  conditions 
be  fulfilled. 
I  HisioRicAL  Notes. 

I  As  we  have  now  described  in  some  detail  the  chief  points 
pf  interest  in  typical  dynamos,  we  are  in  a  position  to  in- 
dicate briefly  the  lines  along  which  development  proceeded 
in  the  interval  which  bridged  the  ga|)  between  Faraday's 
undaniental  discoveries  and  the  evolution  of  the  modern 
iynarao  machine.  One  of  the  most  curious  points  that 
annot  fail  to  strike  even  a  careless  student  of  the  history 
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of  this  dcvriopnient.  is  the  (reqoencjr  witli  which  variou 
imiMutAtU  tlftails  ha»-c  l»een  invrntol  and  re- invented  ill 
dc|n.-i>dfnlly  by  diffcmii  i-onstiuctors.  Over  and  uvcr  agau 
an  imixirtunt  »Crp  in  adrutcc  has  been  mndc,  and  burie 

either  in  the -— 'oos  of  saai«  learned  society,  or  in  th 

current  sci-.  ratiur,  or  even  in  the  Patent  Offic 

Ami  thus   <v:  v;_  ■.,i  for  a  time  to  ubiivion.       Then    t« 
iiftccn.  or  iwtuu   )ears  feucr  another  worker,  (juiie  ind 
pcndently,  disro%«s  the  same  thing   over   again,  and 
jKrfcfl    ho'^  '      a>    an    original    ■" 

thii  lime,  h'  .     ■      !e  fruit  which  it  sh 

iKtmc  bcforr,  and  its  inportance  becomes  widely  recognise 

To  take  only  one  exarapic.     llic  self^xdting  princip 
(sir  \>ige  313)  was  suggested  indc^iendently  by  Jacob  Bra 
and  by  Hjorth  in  184&,  and  by  Sinstcden  in  185 1.     It  was 
rc-in vented  by   Baker  and  by  Varlcy  in   1S66,  and 
independently   by  Wheatstonc  and   by  Siemens  in   t8<! 
Other  -.1  h-tve  nnade  use  of  it,  n« 

yet  soil  :cr  1867,  before  the  I >rinct|: 

began  to  be  generally  used  and  its  importance  rccognis 
Several  «»ther  instances  might  lie  given,  did  space  pern 
of  the  arrested  development,  as  it  were,  of  essential  delnS 
of  the  modern  dynamo:  but  we  must  |ass  on,  merely 
marking   that    in   other    branches   of   science    the    san 
phenomenon  has  occurred. 

Faraday's  disrovcry  of ! 
l)orc  fruit  in  the  .sha|ie  m  ,  ■  ^ 

current*.  Both  Dal  Negro  and  Pixii  devised  such  inachitij 
(n  i8j2,  a  few  months  aAcr  the  publication  of  Fanulaj 
researches,  and  tlic  Litter  even  employed  a  cominutatar| 
convert  the  alternate  into  uni-cliret^iional  currents.  In  l| 
few  following  years  many  inventors  worked  at  the  subje 
but  all  used  permanent  magnets.  We  may  menii 
csp'-M-.ially.    '  '     of   .'^tw 

invented  tl>'  utor.aml 


Eakly  Dvsamos. 

Birmingli.'im,  who  in  1S44  constructed  the  first  niagneto- 
lleclric  machine  whicli  appears  to  have  lieen  used  rom- 
nercially,  in  this  case  for  electroplating.  Woolrich's 
kisiorica!  machine  is  shown  in  Fig.  122.  Four  large 
janeni  horse  shoe  magnets  were  arranged  on  a  strong 


i'ifi.  Jr2.  —  Wooliicli's  Eicctro^jbtilig  Ijymiuio. 

Dotlcn  frame  with  their  poles  pointing  inwards.  Between 
four  pairs  of  poles  there  rotated  an  armature  with 
ght  separate  coils,     Since  there  were  twice  as  many  coils 

pairs  of  poles,  it  follows  that  at  any  instant  the  induced 
urrcnta  in  fuui  of  these  coils  would  be  in  one  direction 
nd  those  in  the  other  four  in  the  opposite  direction.     By 

ingenious  system  of  connections  and  using  three  brushes, 
I'oolrich  led  these  two  different  sets  of  currents  into  two 
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separate  circuits,  each  containing  plating  bnths.  And  the 
brushes  and  comnnilator  bars  were  so  arranged  that,  when 
the  direciions  of  the  induced  currents  in  the  coils  changed, 
llie  njnncclions  to  the  outside  circuits  were  automatically 
interchanged,  and  thus  the  currents  in  the  latter  were  always 
unidirectional. 

Whcatstone  worked  at  the  subject  from  1841  lo  1845, 
and  in  the  latter  year,  in  conjunction  with  Cooke,  he 
patented  the  use  of  elo<-tro  magnets —not.  however,  self 
excited. 

In  1856  Siemens  invented  the  shuttle-wound  armature 


FiK.  1 73.  — Siemeiu'  Shuttle-wound,Anliatare« 


which  is  shown  in  Fig.  123,  and  which  played  an  im- 
portant part  in  many  subsequent  machines.  In  con- 
junction with  a  two-part  commutator  it  is  just  the  simple 
loop  of  Fig.  loi,  with  many  turns  of  wire  instead  of  a 
single  turn.  Meanwhile  great  attention  was  being  paid  in 
France  to  the  design  of  alternate-current  m.ichines  with 
jKrmanent  magnets  for  the  purpose  of  supplying  current  to 
arc  lamps  in  lighthouses,  As  the  result  of  a  great  deal  of 
work  by  Nollcl,  Holmes,  and  others,  extending  from  1849  to 
1863,  there  w.is  produced  the  "Alliance"  machine  (Fig. 
124),  which,  until  rjuitc  recently,  held  its  ground  well  for 
this  class  of  work,  We  must  not  here  omit  to  mention  the 
important  series  of  machines  patented  by  Wilde,  of  Man- 
chester, between  1861  and  1867;   in  the  larger  of  these 


EAftt.y  DyXAMOS. 


227 


(Kij;.  125)  the  fieki-magncts  were  eleitro-magnets  excited 
by  a  much  smaller  machine  tliat  had  permanent  steel 
magnets  M  M,  shuttle-wound  armatures  being  used.  Some 
of  VVildc's  machines  were  the  most  (wwerful  that  had  been 
constructed  up  to  that  time. 

We   now   come    to    the   end    of  the    year    1866   and 


■The  .Mlunce  Machine. 


the  beginning  of  1867.  when  three  sei)arate  inventors,  in- 
dependently and  almost  simultaneously,  described  practical 
machine-s  in  which  the  self-exciting  principle  was  used 
The  first  in  point  of  time  seem  to  be  the  brothers  Varley, 
who  in  I'eccmber,  i860,  patented  such  a  machine.  Then 
on  January  17th,  1867,  Werner  Siemens  described  to  the 
Berlin  Academy  a  machine  with  series-wound  electro- 
magncis  excited  by  the  current  from  the  machine  itself 
p  2 
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And  on  February  i4ih,  the  same  day  that  Siemens'  I>aperj 
was  brought  to  the  notice  of  the  Royal  Society  of  London,/ 
^Vheatstonc  read  a  paper  before  the  Society  describing  a] 


Fift.  "5 


bine 


similar  machine,  but  with  shunt-wound  electro-magnets 
Siemens'  |ai>cr  is  made  doubly  intcrc>itin);  from  the  fact  tlu 
in  it  the  terra  dynama-tUctric  machine  wns  first  introduce 
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the  world.     Thus  ihe  two  chief  ways  of  exciting  the  field 

aagnets  were  published  in  England  at  the  same  time.    The 

smbinaiion  of  those,  the  compound  winding  (page  218) 

iras  invented  by  Varley  in  1876,  and  has  been  the  subject 

of  a  recent  heavy  lawsuit. 

The  next  great  step  was  the  invention  by  Gramme,  in 
the  year  1870,  of  the  continuous  ring  method  of  winding 
the  armature ;  but  here  again  the  method  had  been  pre- 
^fciously  invented  in  a  slightly  different  form  by  Pacinotti  in 
^11864.     Three  years  later,  in   1873,  Von   Hefner  .■\lteneck 
^Pkpplied  the  principle  of  the  Gramme  ring  to  the  old  shuttle- 
wound  Siemens  armature,  and  thus  introduced  the  drum 
armature,  which  is  now  so  largely  used. 

From  these  inventions  the  development  of  the  modern 
dynamo  starts  ;  subsequent  inventors  h.ave  confined  them- 
selves to  improvements  in  the  design  and  arrangement  of 
be  various  parts  of  the  machine,  but  these  improvements, 
hough    very   important    in   producing  the  highly  efficient 
nachincs  which  we  now  possess,  arc  chieHy  of  a  highly 
Cchnical  character,  and  arc  therefore  of  more  interest  to 
be    electrical    engineer   than    the   general    reader.       One 
xception  we  should,  however,  make,  for  nrj  sketch  of  the 
history  of  the  dynamo  would  be  complete  without  a  refer- 
Qce  to  the  work  of  Dr.  llopkinson,  who  in   1883  showed 
at  it  was  very  imjTOrtant  to  consider  carefully  the  design 
"of  the  magnetic  circuit  of  the  ni.ichine,  as  well  as  that  of  the 
^electric  circuits.     This  part  of  the  subject  has  already  been 
^■ealt  with  pretty  fully. 

^P  Modern  Continuous-Current  Dvnamos. 

Passing  now  from  our  brief  historical  survey,  we  propose  to 
jescnbe  afew  of  the  main  types  nf  modern  dynamo  machines, 
lich   for    convenience    we   shall  divide  into  two    classes 
nly,  namely,  "conlinuous-currenl"  dynamos,  and  "alternate- 
it  "  (Ivh.tidos.  or  .is  llii  \   .Iff  nuw  n)i)rf  liriidy  lallcd. 
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"alternators."  It  has  already  been  remarked  that  there  i 
almost  an  infinite  number  uf  ways  of  fulfilling  the  fun<] 
mental  ronditions  for  the  production  of  electric-currcnl 
energy  from  mechanical  energy  by  means  of  dynamo 
Nevertheless,  (iraclice  and  theory  combined  have  gradual!^ 
evolved,  by  a  process  of  "  survival  of  the  fittest,"  a  fe« 
leading  tyi)fs  which  in  reality  hold  the  field,  and  many  of 
the  metlianituil  and  electrical  monstrosities  produced  in  the 
early  days  of  the  development  have  been  literally  shouldered^ 
out  of  existence  by  their  more  sturdy  competitors. 

Hut  though  the  types  of  machines  that  have  burvivt 
arc  not  very  numerous,  they  are  built  by  a  great  nunih 
of  manufacturers,  and  thus  the  task  of  selecting  a  few  foj 
description  is  somewhat  invidious.  We  wish  it  thcrcforl 
to  be  understood,  that  in  describing  a  few  machines  we 
not  intend  it  to  be  inferred  that  those  left  undescrihed  .n« 
in  any  way  inferior  in  design  or  efficiency.  Consideration 
of  s|>ace  and  of  our  readers'  patience  alone  prevent  us  froB 
making  the  list  much  longer. 

'I'iie  first  machine  we  propose  to  describe  is  one  belond 
ing  to  a  class  now  extensively  built.  It  is  known  as 
"  overtype "  machine,  from  the  fact  that  the  armature  is 
the  top,  and  that  the  fiddmagnet  cores  rise  from  the  be 
plate,  which  serves  as  a  magnetic  yoke.  The  particul 
machine  illustrated  (Fig.  ij6)  is  one  built  by  Messrs.  Pate 
sen  &  Cooper,  and  known  as  the  "Phtenix"  Dynam^ 
The  iron  cores  of  the  field-m.ignets,  surrounded  by  the 
magnetising  coils  C,  are  boiled  to  the  massive  castira 
bedplate  B.  On  the  toj)  of  these  «tores  are  the  poll 
pieces  P,  hollowed  out  to  receive  a  ring-wound  arinatur^ 
the  magnetic  circuit  is  thus  similar  to  that  depicted 
No.  I,  Fig.  114.  The  commutator  <•  is  a  large  one,  an 
the  strips  j  connecting  its  various  segments  to  the  win 
ings  of  the  annature  ran  be  plainly  distinguished.  '11 
brushes  /■  h  are  mounted  (jn  a  rocket  by  meaits  of  whi^ 
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fiei^josition  in  the  commutator  can  he  adjusted  to  the 
tpropier  "diameter  of  commutation''  whilst  the  machine  is 
Iruitning.  The  tips  of  the  brushes  should  always  lie  on 
■opposite  ends  of  a  diameter,  but  if  this  diameter  is  far 
Ifrom  the  "  neutral  "  position  there  will  bo  a  good  deal  of 


Kit;.  %2<i, — The  "  Pliutmx  "  i>ynamu. 


■ 

^^RNurking   at  the  lirushes.      When    this  occurs,   the  rocker 
^Bnust  Ix-  moved  round  until  a  position  is  found  at  which 

the  sparks  disappear. 
^H  The  field-magnets  of  the  niachuie  are  compound-wound, 
^pto  as  to  produce  the  same  potential  difference  at  the  ter- 
niinalsfor  wide  variations  of  load.  It  may  interest  our  readers 
iu  know  the  actual  resistances  of  the  various  electric  circuits 
^f  such  a  machine.     In  a  dynntno  of  this  kind  designed  to 
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give  180  amperes  at  105  volts,  or  24  electric  borsc-powcr,! 
the  resistances  are: — Armature  o"o2  ohm,  series  winding  < 
field-magnet  o'oi  ohm,  and  shunt  winding  of  field-magnet 
295  ohms.     ComixirinK  these  resistances  with  those  give 
for  batteries  (pp.  53  and  58),  one  realises  how  enormouslj 
superior  the  dynamo  is  even  in  this  respect  to  the  best  fonii 
of  batteries,  for  it  must  be  remembered  that  low  internal 
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resistance  means  small  loss  of  energy  in  waslelully  hcatr 
the  current  producer  itself. 

The  next  machine  (Fig.  127),  an  Edison  dynamo  0^ 
modern  type  embodying  Dr.  Hopkinson's  improvetncnls,  is 
magnetically  the  ])rcccding  one  lurneH  upside  down.     'I'hcl 
pole-pieces  and  amniturc  arc  at  the  bottom  of  the  machine,! 
and  a  iDXHsive  yoke  (V)  joins  the  top  ends  of  the  fie]< 

'  T'lii»  Imii  is  cxplninml  later  ((xise  ^a(i). 
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magnet  cores,  the  magnetic  circuit  being  similar  to 
that  sketched  in  No.  2,  Fig.  113.  One  magnetic  difficulty 
necessarily  occurs  in  machines  of  this  tyjx;.  Iron  is 
practically  the  only  suitable  material  for  the  greater  ijart  of 
the  bed-plate  on  which  the  dynamo  rests  ;  but  if  the  |>ole- 
pieces  were  directly  sujj[)orted  on  the  iron  bedplate,  most 
of  the  lines  of  magnetic  force  set  up  by  the  magnetising 
coils  would  pass  from  one  pole-piece  to  the  other  through 
the  iron  of  the  bed-plate  instead  of  through  the  gap  in  which 
the  armature  lies,  and  where  their  presence  is  essential  to 
the  working  of  the  machine.  To  reduce  this  magnetic 
"leakage,"  as  it  is  called,  as  much  as  possible,  a  high  foot- 
step Z  of  zinc  is  interposed  between  the  iron  of  the  pole- 
pieces  and  that  of  the  bed-plate  ;  but  notwithstanding  this 
precaution  a  conslderalile  percentage  of  the  total  lines  set 
up  complete  their  circuit  through  the  bed-plate,  and  these 
are  useless. 

The  machines,  which  are  built  in  the  United  States  and 
are  intended  for  incandescent  lighting,  have  drum-wound 
armatures,  the  field-magnets  are  shunt-wound,  (he  bearings 
are  long,  and  there  are  good  mechanical  arrangements  for 
holding  and  rocking  the  brushes.  They  vary  in  size  from 
15  inches  high,  capable  of  delivering  3 J  horse-power  elec- 
trically, to  182  inches  high,  giving  200  horsepower. 

There  is  still  another  type  of  "single  magnetic  circuit  " 
dynamo,  in  which  the  armature  is  placed  neither  at  the  top 
nor  at  the  bottom,  but  about  halfway  up.  The  design  was 
originated  by  Dr.  S.  1*.  Tiiompson  in  1886,  and  has  been 
independently  devised  by  several  constructors.  The  mag- 
netic circuit  is  sketched  in  No.  2,  Fig.  1 14.  The  parti- 
cular machine  illustrated  (Fig.  1 28)  is  constructed  by  Messrs. 
Greenwood  and  Batley,  of  Leeds,  and  is  known  as  the 
"  I.*eds  "  Dynamo.  There  is  only  one  magnetising  coil  on 
the  field-magnet,  an<l  the  bed  plate  is  usclully  employed  for 
part  of  the  magnetic  t  ir*  uit ;  in  fact,  the  lower  |>ole-piece  is 
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part  of  the  bed-plate  casting.  The  armature  is  a  Gramme 
ring,  and  the  arrangement  of  commutator,  bnish-hoUlcrs,  and 
rocker  is  good,  but  calls  for  no  special  comment.  The  t}-pe 
is  especially  well  adapted  for  small  machines,  hut  large  ones 
giving  about  50  horse-power  electrically  have  also  been  built 

W'e  next  give  an  illustration  of  a  machine  with  a  "double^ 
magnetic  current "  of  the  kind  sketched  in  No.  3  of  Fig.  114. 
The  machine  illustrated  (Fig.  129)  was  designed  by  Mr.  A. 


1'.  .Snell    for   tlie  Ccneral    lUictric    Tr.iriion    Company  of 
London,  and  is  specially  ad.ipted   for  traction  and  mining! 
work.     The  arrangement  of  the  magnetic  circuit  will   be 
understood  from  what  has  been  already  said  on  |. 
The  arm.iturc  is  of  the  ordinary  type,  but  the  dc;. 
not  be  seen  in  the  figure.     The  bnishes  used  arc  ol  a  kmd 
to  which  we    have   not    hitherto   referred,  being   made   of 
solid  carbon  instead  of  copper,  the  butt-ends  of  the  caibun 
blocks  being  prc8sc<)  against  the  commutator  from  behind 
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by  spiral  springs  as  shown.  Carbon  blocks  were  first 
proixjsed  for  this  purpose  by  Professor  G.  Forbes  in  1885, 
and  have  proved  very  satisfactor)',  especially  for  electric 
motors  which  have  to  run  both  wnys. 

We  siiall  conclude  our  illustrations  of  continuous-current 
djmamos  with  a  multij)olar  one,  having  a  magnetic  circuit  of 
the  general  type  sketched  in  Nos.  5  and  6  of  Fig.  114,  but 
in  this  particular  case  having  eight  poles  to  the  field-niagnels 


iii-  139. —  Xlie  biicll  Uyiia)ji<.. 

Fig.  130  depicts  such  a  multipolar  dynamo  designed  by  Mr. 
Gisbert  Kapp  for  central  station  work,  and  it  may  be  remarked 
here  that,  for  this  particular  class  of  work,  machines  of 
the  multipolar  type  have  been  recently  designed  by  Edison, 
Siemens,  and  many  other  constructors.  A  comparison  of 
Figs.  1 1 3  and  1 1 4.  and  a  referem  e  to  our  remarks  on  page  2 1 3, 
will  enable  the  render  to  understand  how  the  magnetic  lines 
cuter  and  leave  the  iron  of  the  armature.  The  magnetising 
I  oils  and  the  pole  pieces,  extended  so  as  to  cover  a  definite 
part  of  the  pcripliLn'  of  the  armature,  can  be  clearly  traced 
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mis  of  altcrnale  currenl  niacliincs  or  "  alternators."    The 

ential   difference   between    the    methods   by   which    the 

iirrents   are   led   in    the   two   classes,    from   the   rotating 

armature  into  the  outer  circuit,  have  been  already  desr-rihed 

on    page    197.     It   may,    however,   be   remarked   that   in 

alternators  the  armature  is  very  frerjuently  the  stationary 

^Hiart  of  the  dynamo,  and  the  (ield-ma^ets  are  rotated.     In 


'«r 


Eiciier. 


bese  cases  the  exciting  current  is  passed  into  the  coils  of 
be    rotating    field-magnet    by    means    of    simple    sliding 
DDtacls,  to  which  the  ends  of  the  coils  are  connected. 
In  Fig.  131  is  illustrated  a  form  of  alternator  designed 
far  back  as   1878  by  Von  Hefner  Alteneck  for  Messrs. 
icracns  and  Ilalske.     The  armature,  which  is  of  the  disc 
nd,  depicted  diagrammatically  in  Fig.   112,  revolves  be- 
reen  the  poles  of  two  sets  of  electro-magnets  arranged  op- 
site  one  another  round  the  circumference  of  a  circle.    We 
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have  ex|)laincd  the  methods  of  connecting  the  coils  to  oo 
another  so  that  all  the  E.M.I'". 's  may  act  in  the  same  direc 
tion  at  any  instant  in  the  circuit.    The  coils  of  the  arnutur^ 
are  uxnnily  wounii  upon  wooden  cores  and  enclose  no  in 
They  are  constructed  of  ribhons  of  cofiper  insulated  fron 
one  another  hy  strips  of  vuicani.sed   fibre,  and  are  held  it 
their  places  by  the  rianips  which  can  be  seen  in  the  figure 
For  a  reason  already  referred  to  (page  219),  the  currents 
the  mnchinc  cannot  lie  used  to  excite  its  ficld-magnets,  an 
therefore   a   small   continuous-current   machine,   placed  i4 
front  of  the  larger  alternator,  and  driven  by  a  belt  from  tl* 
»amc  shaft,  is  used  for  this  purpose.      The  continuou 
current  machine  depicted  is  one  of  the  well-known  Siemer 
types.      It  is  a   two  pole  drum  arm.ature  machine  with  a 
vertical  double  innjjnclic  circuit.     As  it  is  used  solely  fa 
supplying  current  to  the  ficld-magnets  of  the  altcmato 
its  terminals   are   permanently  joined  to  the   field-roagn< 
circuits  by  the  copper  rtnls  seen  passing  from  one  machin 
to  the  other  in  the  lower  part  of  the  figure.     The  vcrticJ 
rods  on  the  right-hand  side  arc  the  conductors  by  whic 
the  currents  of  the  alternator  arc  led  away  to  the  exterr 
circuits.       For   very    larf^e   machines  having  an   output 
more  than  400  horsepower,  Messrs.  Siemens  use  quite 
different   pattern,  in   which  the    ficldmagncl*  are  rotati 
inside  a  large  stationary  armature. 

The  next  machine  illustrated  has  also  a  disc  armatur 
but  this  is  firmly  fi.xed  to  the  bedplate,  whilst  a  multiix)!^ 
field-magnet,  having  a  single  exciting  coil,  is  rotated  near  i 
The  full  mai  hinc.  which  was  designed  hy  Mr.  Mordcy 
the  Brush  lilectriral  Engineering  Company,  is  shown  in  Fi| 
IJ2,  and  it   will  he   noticeil  that  the  small   continuou 
current  dynamo  for  supplying  current  to  its  ficld-magnets 
mounte<l  on  the  same  spindle,  being  carried  quite 
on  a  iide-ljMckct.       The  stationary  ann.nturc  is  it 
scjjaratcly  in  I'ig   133,  and  the  multipdl.ii   fi.  M  iiKi.jr 
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Jg.    134.      'riie    most   curiuus   i)art   of    this   machine    is 
robably  its  multipolar  field-inagnet  with  its  single  magnet- 
ising coil,  to  show  which  clearly,  the  shield  seen  in  Fig.  132 
as  been  removed.     This  coil,  as  can  be  seen  in  Fig.  134, 
ticircles  the  axis  of  rotation  of  the  magnet,  which  forms  the 
entre  of  its  coil ;  the  lines  of  magnetic  force  set  up  in  this 
pass  into  the  radiating  jK)lar  projections,  which  curve 
und   towards   one  another,   and   almost    meet,    the   gap 


Fig.  tjs. — 'i'lie  Mordcy  Allernatur  with  Exciter. 


Iwcen  their  ends  being  only  about  three-quarters  o»  an 
h  wide.  We  thus  have  a  series  of  opposed  poles,  all 
on  one  side  being  of  North  polarity,  and  all  those  on 
other  of  South  polarity.  There  arc,  therefore,  very 
ong  magnetic  fields  in  the  gaps  between  the  poles,  but 
arrely  any  field  in  the  intervening  spaces.  The  field- 
is  so  mounted  that  when  it  is  spun  these  gaps 
occupied  successively  by  the  coils  of  the  armature 
picted  in  Fig.  133.     In  the  machine  illustrated  there  are 
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nine  narrow  gaps  in  the  field-magnet  and  eighteen  coils 
the  armature.     Conseiiuently,  as  the  magnetic  gaps  swe 
round,  cat  h  coil  of  the  armature  is  alternately  in  a  stron 
and  a  weak   field,  and   thus   E.  M.F.'s  are  induced  in  the 
coils  due  to  rapid    changes  in  the  lines  of  forte   passiil 
through   them.      The  armature  coils  arc   nuule  of  cc 


t'l^  133. — Armature  of  Morilcy  AlUrnAtnr. 

ribbon  wound  upon  porcelain  cores,  and  insulated  with 
thin  tape ;  no  metal,  except  the  copper  of  the  coils,  enle 
the  magnetic  field,  and  thus  Foucault  or  eddy  currenl.s  ai 
avoided.     The  coils,  of  the  shape  seen   in   Fig,    133,  a| 
clamped,  with  jiropcr  insulation  inlcqwscd,  to  a  light  gut 
metal  frame,  and  if  necessary,  any  coil  can  be  removed  for 
inspection  and  repair  without  taking  the  machine  to  pie 
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here  are  many  other  ingenious  details,  both  mechanical 

ad  electrical,  about  the  machine,  which  we  have  not  s[>ace 

to  describe  fully,  but  which  all  tend  to  increase  its  efficiency. 

kThe  larj^est  machine  yet  built  of  this  type  has  an  output 
500   kilowatts   (670    horse-power)   and    a    commercial 
iciency  of  9.^  per  cent.,  by  which  wc  mean  that  93  per 
nt.  of  the  mechanical  power  delivered  upon  the  shaft  is 
available  as  electrical  power  in  the  e.xlernal  circuit.     It  has 
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So  annature  coils  and  40  pairs  of  poles  on  the  field-magnet, 
liich,  with  the  shaft,  weighs  40  tons.  In  the  n)achine 
firescnlcd  in  Fig.   132,  it  is  interesting  to  note  tliat  the 

small  continuous-current  dynamo  at  the  end  of  the  shaft, 
hich  .supplies  the  current  for  the  fielil-magnet,  only  weighs 

l*r,th  of  the  total  weight  of  the  machine,  ,md  m  the  larger 
achine    just    referred    to,    the    power   absorbed    by    the 
agnetising  circuit  is  less  than  1 A  per  cent,  of  the  output. 
The  last  altcrnalor  to  be  described  is  one  constructed 
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by  the  Westinghousc  Company  in  the  United  Stales.  It  is 
illustrated  in  Fig.  135,  and  instead  of  a  disc  armature 
similar  to  those  of  the  two  preceding  machines,  its  armature 
is  of  the  drum  type.  The  field  magnet  is  multipolar,  with 
1 6  radial  poles  projecting  inwards  from  a  massive  external 
yoke.       The   poles   are  alternately   of  North   and    South 


Kig.  13;.— 'Ilic  Wuiinghotue  Alieiiuiat. 

polarity,  and  the  drum  armature  roolves  in  the  centra] 
space  towards  wl>ich  they  are  directed.  The  core  of  this 
-  ure  is  a  cylinder  built  up  of  thin  iron  discs,  and  the 
coils,  after  being  wound  on  formers,  are  laid  Hat  on  the 
I)criphery  of  the  cylinder,  across  which  the  wires  of  the 
coils  run  backwards  and  forwards.  The  end  loops  of  the 
flat  coils  arc  bent  over  the  sides  of  the  drum,  and  the  coib 
arc  held  in  their  places  by  insulated  binding  wires;  there 
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are  the  same  number  of  coils  as  magnet  poles,  and  they  are 
usually  joined  up  in  two  sets  of  eight  coils  each.  The 
machine  illustrated .  weighs  3  tons,  and  has  an  output  of 
160  kilowatts,  or  210  horse-power.  It  may  be  taken  as 
representative  of  a  large  class  of  alternators  in  which  the 
axes  of  the  armature  coils  are  radial,  thus  differing  from  the 
disc  armatures  the  axes  of  whose  coils  are  parallel  to  the 
shaft  of  the  machine.  There  is  still  another  class  having 
ring  armatures,  the  axes  of  whose  coils  have  a  circumfer- 
ential direction,  but  our  readers  will,  perhaps,  be  able 
to  understand  their  mode  of  action  without  further 
description. 
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CHAPTER  V. 
THE  THERMAL  PRODUCTION  OF  THE  CURRENT. 

In  our  lirief  summary  of  llic  incihods  available  for  the 
production  of  the  electric  current,  we  have  ]x>inted  out 
(page  22)  that,  correlated  to  the  prcxluction  of  heal  in  a 
conducting  circuit  by  an  electric  current  passing  round  it, 
there  is  a  method  of  producing  an  electric  current  direct  from 
the  energy  of  heat.  Strictly  speaking,  however,  the  produc- 
tion of  heat  to  which  wc  previously  referred  as  always  accoirb 
panying  the  passage  of  a  current  through  a  homogeneous 
c:onductor  is  of  a  fnctional  nature,  and  is  irrrcersihit.  In 
otlier  words,  the  energy  so  used  up  cannot  by  an  invente 
process  be  reconverted  into  current  energy.  In  this  respect 
the  heating  effect  of  the  current  differs  from  the  chemical 
and  magnetic  effects,  both  of  which  are  under  certain  cir- 
cumstances reversible.  For  instance,  the  products  of  the 
chemical  effect  can  be  used,  as  wc  have  seen,  to  generate  an 
electric  current.  Also  the  magnetic  effect  is  reversible,  for  the 
energy  used  up  in  creating  the  magnetic  field  on  the  starting 
of  n  c  urrent  is  returned  to  the  circuit  when  the  current  is 
broken.  It  is  not  so  with  the  healing  effect.  The  enerty 
convened  into  heat  is  usually  lost  or  dissip.ited  by  radiation, 
and  in  the  most  favourable  case  can  only  be  utilised  as  hmt, 
the  produi  lion  of  which  at  .any  pntticular  spot,  .ind  in  any 
required  ijuantity,  is  very  completely  under  control. 

Another  indication  of  the  irreversible  nature  of  this 
frictional  heating  effect  is  .ifforded  in  the  lart  that  the  quantity 
of  heat  produced  in  a  given  conductor  by  a  certain  current  it 
Mf/xndfHf  0/  thf  dmdioM  of  tht  futrtnt.     A  reversal  of  the 
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direction  of  the  c  urrent  can  be  detected  by  changes  in  the 
^thcmical  and  magnetic  effects,  but  such  reversal  makes  no 
^hange  whatever  in  the  Iieating  eft'ect.  The  quantity  of 
(«eat  produced  in  the  apparatus  in  Fig.  163  is  the  same 
►hethci  the  current  Ijo  p.isscd  from  left  to  right  or  from 
right  10  left. 

How  then  .itc  wc  to  convert  heat-energy  directly  into 

ie   energy  of  the   electric   current  ?      The    solution    lies 
in    the  fact    that, 
^although  the  heat- 

(ig    of    a    home- 

entoui  conductor 
[by  an  electric cur- 
iiTcnt  i.s  irreversible, 
[there  is  an  ad- 
iditional  rnvrsib/e 
\jteal  tffitct  pro- 
[durcd  when  the 
Iconduclor  is  not 
\Ai>mog(neoiis.  This 
|fffcct  is  very  much 
[Emaller  than  the 
[other,  and  was 
I  not  observed  until 

1 834, although  the 
Idirect  thermal    production   of   the    current   described    on 
jpage  247  was  discovered  in  1822.     We  sh.ill  begin  by  con- 
Isidering  this  phenomenon,   known   from  the  name   of  its 
[discoverer  as  the  Peltier  efrect. 

The  Peltier  Effect  is  simply  this:  tiiat  whenever 
I  an  electric  current  passes  from  one  metal  to  another,  the 
[junetion  is  either  cooled  or  heated  (ap.art  from  the  frictional 
1  pfodurtion  of  heat  in  the  two  metals  separately)  according 

to  the  direction  in  which  the  current  llows.     A  modification 
I  of  Peltiers  experiment  suggested  by  I.enz  shows  this  cooling 
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effect  very  forcibly.  Two  bars  A  and  B  (Fig,  136),  of  anti- 
mony and  bismuth  respectively,  arc  soldered  together  in  the 
form  of  a  cross ;  one  end  /'  of  the  bismuth  bar  is  joined 
to  the  positive  pole  of  a  battery  D,  and  one  end  a  of  the 
antimony  bar  is  joined  through  a  key  K  to  the  neg.itive  pole. 
A  small  hole  e  is  bored  at  the  junction  ami  filled  with  water. 
The  cross  and  the  water  in  the  hole  are  reduced  to  a 
temperature  of  o'  C.  by  being  placed  in  melting  snow,  and 
then  the  key  K  is  closed  and  the  current  parsed  .icross  the 
junction  from  bismuth  to  antimony,  I. en/,  fnund  that  in 
five  minutes  the  water  in  the  hole  was  frozen  and  its  tem- 
perature reduced  to  4'  C.  below  the  freezing-point. 

Peltier  himself  used  at  first  a  differential  thermometfr, 
but  afterwards  demonstrated  the  existence  of  the  reversible 
heat  effects  at  the  junction  by  making  use  of  the  known 
facts  of  thernio-eleclricity  discovered  twelve  years  previously 
by  Seebeck.  Before  describing  Peltier's  work  further  it  is 
necessary  to  refer  to  these  e.irlier  discoveries. 

The  Seebeck  Effect. — We  have  already  referred  to 
this  in  our  historical  summary  (page  16),  It  may  be  put 
more  briefly  thus  :— If  the  junctions  of  a  metallic  circuit  of 
at  least  two  dissimilar  metals  be  kept  at  different  tempera- 
tures, an  electric  current  will,  in  genera/,  flow  round  that 
circuit.  Seebeck  demonstrated  this  by  placing  a  lieut  strip 
of  copper  k  (I'ig.  137)  on  a  flat  bar  of  bistnulh  al>.  At 
the  centre  of  the  bismuth  bar  a  small  m.ignetic  needle  n  s 
was  pivotted,  and  the  apparatus  was  turned  rou;id  until  this 
needle,  lying  in  the  magnetic  meridian,  came  lo  rest  in  a 
position  parallel  lo  the  greatest  length  of  the  two  metals, 
and  within  the  loop  formed  by  the  bimetallic  circuit.  On 
heating  one  junction  i  of  the  two  metals  the  needle  was 
deflected  in  a  direction  that  showed  the  existence  of  a  current 
pas.sing  tlirough  the  hot  junction  from  bismuth  to  cop{)<r 
and  from  copper  to  bismuth  through  the  cold  junction.  If 
the  other  junction  were  heated,  the  needle  was  deflected  in 
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opposite  direction,  showing  that  tlie  current  was  reversed 

in  the  rirtuit,  but  it  was  still  from  bismuth  to  copper  through 

;be  h»t  junction.     In  fact,  Seebeck  showed  that  the  condi- 

ion  for  the  flow  of  the  current  was  that  above  enunciated, 

Dnniely,  that  the  two  juncliiiiis  should  be  kept  at  different 

mperahtres. 

By  more  extended  experiments  Seebeck  further  showed 
at   thermo-eleclric  currents,  .is  they  are  called,  can  l>e 


nerated  by  a  combination  of  almost  any  two  metals  or 

Bctallic  alloys,  and  he  arranged  the  metals  with  which  he 

^pcrimented  in  a  thermo-electric  order  similar  to  th.at  in 

rhich  Vdlta  arranged  them  with  respect  to  the  chemical 

production  of  the  current.     In  the  follown'ng  table  we  have 

rranged  some  of  the  more  common  metals  in  a  thermo- 

ilectric  scries,  in  such  a  way  that  if  any  two  be  taken  to 

arm   part  of  a  rirciiit  and  their  junction    be  heated,  the 

jrrent  flows  from  the  one  highest  in  the  list  to  the  one 

clow  it  across  the  heated  junction.     That  our  readers  may 
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have  some  idea  of  the  viry  small  electric  pressures  set  up 
in  these  thernio-elcciric;  couples,  we  have  placed  ir>  an 
adjoining  column  the  voltage  set  up  lietween  each  metiil 
and  lead  taken  as  a  standard  metal.  To  produce  these 
tabulated  F-.M.F.'s,  one  of  the  junctions  must  be  kept  at  the 
boiling-|X)int  of  water  (loo"  C),  and  the  other  junction  at 
the  freezing-point  (o'  C). 

TAnn  V.—Thermo-Electric  Properties  of  thk  MeTAU. 


Metal. 

Voltagr  whcu  paiceil  with  Lciul 

too-  C.  ■ 

•fBismulli 

■)- 

•oo68a  Volta. 

Cobalt 

+ 

-00320 

>■ 

Nickel     ... 

+ 

-00246 

t» 

Cermait  Silvtr 

+ 

■00148 

t» 

I'latimim  (soft)  .. 

+ 

-00012 

*t 

Aluminium 

+ 

•00006 

*t 

Tin          

-t- 

■00001 

s* 

Lead 

Copper 

- 

•00017 

If 

I'laiiniiiii  (liaril) 

- 

•OC022 

It 

Silver 

00029 

(• 

Gol.l 

- 

■OC033 

,, 

Zinc 

- 

•00035 

,, 

Iron 

- 

•oi<i49 

,, 

-Antimony           

— 

00463 

•• 

*  Th«  caltuUlioni  are  bucU  upon  Prorc^sor  Tait^i  work. 

The  table  can  be  used  to  give  the  voltage  when  the 
junriions  are  at  o"  C.  and  100"  C.  of  any  pair  of  metals 
referred  to ;  all  that  is  necessary  is  to  subtract  al^thra'uaUy 
the  voltage  given  for  the  metal  lowest  in  the  table  from  that 
which  is  highest.  It  is  interesting  to  notice  that  not  only 
the  chemical  but  the  physical  state  of  the  material  lias  an 
cffrcf  upon  its  tliermo  eleciric-  properties.  Thus,  soft 
platinum  is  {wsiiivc  to  haid  platinum.  P^or  this  rcaHon  the 
figures  given  must  l)e  regarded  as  approximate  only  i!««n 
when  the  metaU  are  dicmicnlly  pure. 
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The  flow  of  ihese  cui rents  is,  as  we  have  nssuined,  due 
to  the  prritluction  of  an  electric  pressure,  or  E.M.F.,  in  the 
circuit  under  the  conditions  set  forth,  and  if  these  conditions 
be  fulfilled,  the  E.M.F.  exists  whether  the  currents    flow 
or   not,    i.e.,    whether    the   circuit     l)e    complete   or    not. 
The  magnitude  of  these   tliernio-eleclric  E.M.F.'s  is  very 
small    when   compared   with   those   of  a    simple   galvanic 
cell.     The  values  arc  given  in   the  above  table  as  fractions 
fef  a  volt  with  respect  to  lead  as  a  standard  metal,  and  with 
■b  difference  of  temperature  of  loo'  C.  between  the  junctions, 
■t  will  be  retnemliered  that  the  volt  is  rather  less  than  the 
JF-.M.F  of  a  Daniell's  cell.      The   F-.M.F.   in  any  case  is, 
Vwith  certain  excei)tioiis,  nearly  proportional  to  the  diflerence 
of   temperature.      The   metals  are    marked    positive    and 
jnegative  with  regard  to  lead  in  the  same  way  that  they  are 
■regarded  as   +   and  -  in  a  galvanic  cell.      Thus  bismuth 
■causes   a   current   to  pass  through    the    hot  junction,  the 
Rin'nci|ial  scat  of  the  K.M.F.,  towards  lead  just  .ns  the  current 
BBows  from  nnc  to  cn|)per  in  a  battery.     Hismuth  is,  there- 
Bore,  thcrmo  elc<:trically  positive  to  Icid. 
I       Since   the   difference  of   temperature  of  the  junctions 
Idetrnnincs  the  direction  and  magnitude  of  the  current,  the 
■existence   of   the    current  will,    vict  Tcrsii,    demonstrate  a 
■diflerence  of  temperature  at  the  junctions.     It  was  in  this 
Miray  th.1t   Peltier  demonstrated  the  reversible  heating  and 
■cooling  effect  at  the  junction. 

I  A  11  (Fig.  138)  is  a  bi-metallic  bar  of  antimony  and 
■bismuth,  the  end  A  being  antimony  and  the  end  B  bismuth  ; 
Khc  ends  of  this  bar  are  joined  to  the  central  cups  of  the 
Itimpic  mercury  commutator  C.  The  two  far  cups  of  the 
■commutator  are  joined  to  the  battery  E,  and  the  two  near 
Bcups  to  the  galvanometer  G.  IJy  throwing  over  the  movable 
Biwitch  the  bar  can  be  placed  either  in  circuit  with  the 
■battery  or  in  circuit  with  the  galvanometer.  If  the  bar  be 
■placed  first  in  circuit  with  the  galvanometer,  no  current  is 
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iodkattd,  ftU  y»xvi  ok  the  circuU  Icing  at  the  same  tempera- 
tutc.  Let  the  switdi  be  now  thrown  over  and  the  current 
ima  the  batter}  be  sco^  through  the  Ixir  from  bismuth  to 
aalinKM))'  for  a  lev  minutes.  On  throwing  tuick  the  fwitrh 
iKe  gahanomcter  wiU  \k  deflected  l)>  n  current  flowing 
tbroHgh  tite  bar  firom  antimoay  to  bismuth,  which  shows 
that  the  junctioa  of  these  tiro  metab  has  been  (ooUd  by  the 
battery  cwrrtu.  If  die  cooBcctions  with  the  l>aticr}-  be 
lOVTsed  and  the  battery  rtment  he-  sent  tlirough  the  bir 
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from  antimony  to  htsiuuth,  the  gaU-anmnetcr  on  being 
|>l«ccd  in  circuit  will  show  that  the  junction  was  heated  by 
the  battery  current. 

h'ig.  136  shows  how  the  I'elticr  cross  may  be  used  to 

rxhil>il  |i  '  ' 

throuKli  ;       ,  ■         :;^   1  ; 

the  key  K,  we  have  seen  that  the  junction  is  cooled.  If 
the  lialtery  current  b<    '     '  "'  and  the  key  K'  closed^ 

so  OS  to  complete  the  r  circuit,  a  current  will ' 

lie  found  to  flow  from  aniimonv  tu  hismnlh  acnju  r.  the 
two  currents  arc  !"'""•  -'  by  the  arrows. 
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e  can  now    see  whence  the  energy  of  the    thermo- 

ilectric  current  is  derived.     If  the  bisiniith-antimony  junc- 

ion  in  a  closed  metallic  circuit  be  heated,  a  current  flows 

(>ss  the  junction  from  bismuth  to  nntimony  ;  but  such  a 

urrent,  as  Peltier  showed,  cools   the  junction,  or  in  other 

ords  af'sorlii  /irat-aierfy  at  I  he  junction.     'I'he  junction   is 

Idcr  than  it  would  be  if  the  current  did  not  flow,  and  it 

the  lieat-energy  which  thus  disappears  that  is  converted 

irectly  into  the  cn<Tt;y  of  the  electric  current. 

Thermo  Electric  Inversion,— In  1823  Cumming  dis- 
vered  a  new  thermo  electric  fact.     Working  with  a  copper- 
on  Couple  and  with  a  galvanometer  in  circuit,  he  kept  one 
nction  at  a  constant  /im<  temjierature  and  gradually  heated 
e  other.     As  the  latter  temperature  rose  he  observed  that 
the  current  after  a  time  rose  less  rapitlly  than  the  teni|>era- 
ture,  that  at  275    C.  it  ceased  to  rise  .iltogether,  and  that  if 
the  hot  junction  was  heated  Ix;yon(l  this  ]ioint  the  current 

■diminished  until  it  fell  to  ^ero,  altliough  the  temperatures 
bf  the  two  junctions  were  widely  different.    Heating  the  hot 
lunction  still  further,  Gumming  found  that  the  direction  of 
Ihe  current  was  actually  m-eneJ. 
I      Subsequent  experiments  have  given  a  very  simple  ex- 
planation of  these  phenomena.     On  examination  it  has  been 
foimd  that  there  is  no  Peltier  eflect  at  a  copper-iron  junction 
when  it   is  at  275'  C.  ;  that  /ie/o7i'  this  temperature  there  is 
the  usual   Peltier  eflfect,  and  copper  is  thermo-electrically 
liiJive  to  iron ;  and  that  a/mv,  the  Peltier  effect  is  the  other 
ay.  and  the  relative  positions  of  the  two  metals  arc  reversed, 
he  temi>eralure  of  275°  C.  i.s,  therefore,  called  the  neutral 
peratuie  for  copper  and  iron,  and  it  c.in  be  shown  that 
one  junction  be  below  this  temperature  and  the  other 
iliove,   the  direction  of  the  current   depends  upon  which 
'Unction  i.s  most  distant  from   the  neutral  lemiKirature.     If 
c   cnld   junction  is  uicst   dist.ant,   the  current  is  in  the 
sual    way  (as    shown     in    the    table)      but    if  the    hot 
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junction  is  furthest  from  the  neutral  point,  the  current  is 
reversed. 

This  strange  Ijchaviour  of  copper  and  irun  i^,  uiorcnver, 
only  part  of  the  more  general  case,  for  most  pairs  of  metals 
have  rt  neutral  temjierature  exhibiting  the  same  properties, 
though  in  many  rases  it  is  either  too  high  or  to<5  low  for 
ordinary  cx]n;riment. 

The  Thomson  Effect. — In  an  unequally  heated  metallic 
circuit  there  is  still  another  reversible  heat  erTect,  much 
smaller  in  amount  than  the  Peltier  effects  at  the  junctions. 
Itx  existence  was  theoretically  predicted  and  experimentally 
denuinstraled  by  Lord  Kelvin  (then  Sir  William  Thomson), 
who  showed  that  the  passage  of  a  current  from  the  cold 
to  the  hot  part  of  an  unequally  heated  copper  conductor 
cooled  the  conductor,  and  that  its  passage  in  the  opposite 
direction  healed  the  conductor.  These  reversible  cfTecl* 
must  not  be  confounded  with  the  irreversible  and  usually 
much  Rrcalcr  frictional  heating  which  always  accompanies 
the  current,  for  they  arc  su|jeri)Osed  upon  this  latter,  causing 
it  to  be  a  little  less  in  the  first  case  and  a  little  greater  in  the 
second.  In  iron  the  cfTcct  is  of  the  opposite  kind,  the 
passage  from  hot  to  cold  cooling  iron  and  from  cold  to 
hot  heating  it. 

'I"hc  ex[icriincnts  so  far  considered  relate  to  thcrmo 
electric  effects  in,  and  at  the  junction  of,  mdals,  but  the 
Sccbeck  and  I'eltier  effects  have  also  been  observed  at  the 
junctions  of  metals  and  electrolytes,  and  at  the  junctions  of 
two  electrolytes.  To  consider  these  fully  would  lead  us  loo 
far  afield,  but  as  an  indication  of  the  magnitude  of  the 
phenomena,  we  may  mention  that  two  plates  of  amalgamated 
imc  di|)ping  in  zinc  sulphate  soluti<jn  develop  a  thermo- 
electric pressure  of  7 1  o-millionths  of  a  volt  per  1  C. 
difference  of  temperatures. 


THaKMOriLES. 


Thepmopiles. 

In  order  to  increase  the  very  small  E.M.F.'s  given  in 
the  table  on  i^age  i^S,  two  ntethods  may  be  employed. 
First,  the  temjierature  differences  of  the  hot  and  cold 
junctions  may  be  increased,  for  the  E  M.F.'s  in  the  table 
are  those  due  to  a  temperature  difference  of  100°  C.  only. 
This  is  done  when  it  is  desired  to  use  the  arrangement  as  a 
current  generator,  but  a  limit  is  soon  reached  to  the  possible 
temperature  of  the  hot  junction,  which  at  the  outside  must 
not  be  raised  beyond  the  fusing-point  of  the  more  fusible  of 
the  two  metals. 

Anotlier  method  is  to  treat  the  thermo-electric  junctions 
as  cells  are  treated  when  high  E.M.F.'s  are  required,  that  is, 
to  jnil  them  "in  series''  witli  one  another.  Tli is  is  espe- 
cially useful  when  it  is  desired  to  use  the  [ihenomena  to 
detect  small  changes  in  temperature.  The  method  will  lie 
understood  by  an  in- 
spection of  Fig.  139,  which 
shows  six  bars  of  two 
metals,  say  antimony  and 
bismuth,  arranged  in  this 
way  as  a  thermoelectrit 
battery.  Now  the  current 
flows  from  bismuth  to 
antimony  across  the  hot 
junction,  and  therefore, 
Mnre  the  metals  occur 
alternately  in  the  cirtiiit, 
il  is  obvious  that  only  allernate  juncliom  must  l>e  exposed 
t«  the  source  of  heat,  for  if  all  the  junitions  were  heated, 
their  tkM.F.s  would  oppose  one  another.  Thus,  if  the 
junctions  1.  3  and  5  are  heated,  an  l"',.M.F.  will  be  set  up 
at  each  of  them  tending  to  drive  electrii  ity  from  bismuth  to 
antimony  across  the  junction  ;  but  all  these  E.M.F.'s  adt  in 


Fig,  139. — Thermo.EI«tric  BuUcry. 
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the  same  direction  round  the  circuit,  and  their  effects  ar 
therefore  added  together  in   that  circuit.     The  junctions 
and  4  and  the  left-hand  ends  of  the  extreme  bars  are, 
course,  to  lie  kL|)t  cold. 

A  scries  of  junctions  similar  to  iliose  in  Kig.  xjg  majj 
oliviously  l»e  placed  on  top  of  one  another  with  insulatin 
material  between,  and   the  electrical  connectioDs  so  iaa<j 
ili;U  :ill  the  K.M.I''. "sat  the  hot  junctions  arc  .idded  together 

In    this     way    thcrroe 
piles,     such      as     tha 
.shown   in  Fig.   140,  ar 
huilt   up  into  a  conv< 
nient  form  for   the 
ticular    experiment    fo 
which  they  are  designed 
The  one  in  Fig.  14015  ( 
the     pattern     used    bji 
.Melloni  in  his  researche 
on    radiant    heat.      04 
the  left  hand  side  of  tin 
pile  30  bi-metallif:  junQ 
tiuns  are  cx]>osed,   t>u 
thermopiles  have   bccj 
built     cont.-iining     too 
150,  or  more  junction 
in  a  *miill  space.      Tlie  terminals  .v  and  y  arc  in  con- 
nection  with  the  two  ends  of  the  pile,    ;nid    when  joinc 
to  a  nuinlile  and  delicate  galvanometer,  the   combinatic 
fornjN    II    nuihl     valuable   nrranncmcni    for    ihc    detcctit^ 
of    minute    iliflercnces    of    iem|ieniturc.      The    cumplet 
ihernioiMic    as    used    by    Melloni    is   shown    in    Iig   141 
One    end    \\    furnished    with    a    cone    C  to  converge 
radiant     waves    on    to    one    face   of   the    pile,    and 
opposite  face  is  screened  from  outside  disturbances  by 
little  shutter.     The  arrows  show  the  direction  of  the  cu 


Fig.  140.— ilu  Thcrmvpilt. 
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when  the  right-hand  face  is  warmed.  With  this  instrument 
McUoni  was  able  to  detect  differences  of  temperature  no 
greater  than  the  jo'jj.j  part  of  a  degree. 

Thermopii.e-Galv.^nometkrs. 
The   extraordinary    delicacy   of  Melloni's    thermopile, 
combined  with  a  suitable  galvanometer  for  detecting  small 


l-p(i.   141. --.Mclluiu  ^    1  ln-'inoi'iN  . 

iliffcrcnces  of  temperature,  soon  led  cNperimenters  to  attempt 
the  solution  of  the  prublem  of  still  further  increasing  the 
delicacy. 

One  suggestion  which  seemed  to  promise  success  was 
to  do  away  with  the  outside  galv.mometer  and  make  one 
instruraeiU  of  the  thermopile  and  the  galvanometer,  thus 
producing  a  tlunnopik-gahkuiomcler.  The  earliest  worker 
in  this  direction  was  Sturgeon,  who  in  1836  constructed 
instruments  capable  of  indicating  very  small  differences  of 
temi)crature.     VVc  shall  refer  to  his  work  presently. 
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Professor  Forbes  in  1886'  constructed  the  thermopile 
galvanometer,  shown  in  Fig.  142.     B  and  A  are  two  wedge- 
shaped  blocks  of  bismuth  and  antimony  soldered  together, . 
and  at  the  thin  end  of  the  wedge  a  hole  is  bored  through^ 


the  jiiix  iMiii  I'HJ.iiiv  out  K>\  v.ich  niel;il.  On  tilt  thm  Md« 
of  the  hole  the  metals  arc  filed  away  ijuite  thin,  auti  th« 
outAidc  (ace  is  blackened  at  the  junction  so  as  to  abiiorh 

■  AwmWSjvj  4/  (Ik  Jt«]f*l  SttMy,  iSSfi. 
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radiant  cneqjy  ihc  more  readily,  It  this  face  on  the  right- 
hand  side  in  the  figtire  he  slightly  w.irnied,  n  rurrent  will  be 
set  up  which  will  tluw  down  from  the  bismuth  to  the 
antimony  on  the  riglit,  pass  along  the  lower  block,  up 
llirough  the  thick  junction  on  the  left,  and  com[)lete  its 
circuit  in  the  liismulh.  Now,  nllhoutjh  the  IvM.F.  at  the 
junction  is  very  small,  yet  the  current  developed  may  be 
quite  a  large  one — as  wc  shall  see  in  the  next  chapter— 
ticrausc  of  the  extremely  small  resistance  of  the  circuit, 
rhis  current  circulates  rounil  the  hole  in  the  blo<:k,  and 
in  this  hole,  therefore,  a  magnetic  field  is  set  up,  which 
will  affect  a  delicately  suspended  magnetic  needle  jxlaied 
in  it.  A  system  of  three  small  needles  is  suspended  there 
hy  mwns  of  a  wire  jiassing  through  a  small  verti<al  hole 
in  ihc  U|)per  block.  At  the  lop  of  this  wire  there  is  a  little 
mirror  and  damping  vane  N,  and  the  whole  is  hung  from 
the  siit>port  S  by  means  of  a  fine  silk  fibre  /.  This  is  then 
placed  in  the  case  with  the  mirror  opposite  the  window  W, 
and  the  thin  junction  opposite  the  cone  C.  The  radiations 
arc  directed  on  to  the  junction  by  this  cone,  currents  are 
set  up  in  the  coil,  and  the  movements  of  the  needle  and 
mirror  arc  observed  by  means  of  one  of  the  devices 
described  in  detail  on  page  347.  These  movements  have 
a  definite  relation  to  the  difference  of  teniix:raturcs  of  the 
thin  and  the  thick  junctions,  and  can  be  employed  to 
iiK.-.sure  the  difference.  With  this  arrangement,  the  pre- 
icn'_cof  a  ran<Hi  IImiiu:  i-an  br  readily  delected  at  a  distance 
of  some  yard^'. 


Thk  Rauui-Micrometkr. 

But  Professor  Boys  has  since  constructed  a  far  more 
sensitive  instrument,  which  he  calls  the  riiiiio-mUromcler, 
l)ccause  of  its  power  of  detecting  the  presence  of  ex- 
cessively minute  ijuantilies  of  radiant  energy. 
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In  all  galvanometers  for  measuring  the  electric  current 
the  effect  is  produced,  as  \vc  shall  show  in  detail  in  a 
»iilixi'(|uent  chapter,'  by  the  interaction  of  two  magnetic 
fields,  one  at  least  of  which  is  due  to  the  current  to  be 
measured.  One  of  these  fields  is  free  to  move,  and  the 
( uncnl  is  measured  either  by  the  actual  motion,  or  in  wme 
dependent  way  which  we  need  not  now  consi«lcr.  In  a 
beautiful  series  of  instruments,  of  which  M.  I  >'Arsonvars 
galvanometer  (Fig.  i8i)  may  be  taken  as  a  type,  the 
cmrciil  is  sent  round  a  conducting  loo|>  suspended  by  a 
wire  m  a  strong  ma^;netic  field.  When  the  current  |usses 
through  it,  the  loop  tends  to  set  its  |ilane  nt  right  angles 
to  the  (icid,  but  in  doing  so  twists  the  suspending  wire, 
and  the  angle  through  which  it  actually  mcrv-es  measures 
the  strength  of  the  current. 

Now  it  is  obvious  that  if  the  whole  theimo-electric  circuit 
lie  suspended  in  this  way  in  a  powerful  magnetic  field,  it* 
resistance  can  be  made  very  small,  so  that  even  a  very 
minute  clectrtintotive  force  at  one  of  the  junctions  may 
cause  A  KUtlicient  current  to  deflect  the  circuit  through  a 
Hensible  angle.  Moreover,  since  the  current  is  gcnerateil 
in  I  he  »uiipen<lcd  coil  ilself,  we  may  use  something  far  more 
delicate  than  a  metallic  conducting  wire  for  the  suspension, 
and  thuK  still  further  increase  the  sensitiveness  of  the 
apparatus. 

The  first  to  employ  this  method  was  Sturgeon,  who  in 
18.^6 '  xuiipended  little  thermo-electric  circuits  in  front  of 
the  |>olcs  of  a  magnet.  M.  D'Arsonval  and  Professor  boys, 
both  quite  independently,  reinvented  the  method  in  i886 
anil  18.S7  respectively,  The  latter,  on  having  his  attention 
called  to  Sturgeon's  work,  constructed  an  instrument  ac- 
cotxiing  to  the  description  given  by  Sturgeon,  and  fouad 
It  lo  be  "  capable  of  showing  very  small  effects  of  hau." 

'  l'«it  11  ,  Chapter  IX.,  pp.  335  to  J83, 
'  Scitittifc  iCtuantet,  by  U'lllUm  Slnigeoa. 
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The  princi|ileof  the  radio-micrometer  will  be  understood 
from  an  inspection  of  Fig.  143,'  which  represents  the  siis- 
I>ended  circuit  of  one  of  the  early  forms.  Two  small  sheets 
01  .intimdny,  Sh,  and  bismuth,  Pi,  are  cut  to  the  shape 
shown,  and  soldered  together  along  the  vertical  junction. 
Tlie  upper  corners  remote  from  the  junction  are  con- 
nected !)y  a  rectangle  of  thin  copper  wire.  This  is  then 
suspended  liy  the  rod  a,  and  a  delicate  fibre  not  shown  in 
the  figure,  between  the  poles,  N  S,  of  a  powerful  permanent 
magnet,  and  to  further  intensify  the  field  a  block  of  soft 


Fig.   143.  — lilailj   form  of  (he  R>lJio-Micf<>(i:cLi:r. 


lion  is  fixed  in  the  space  surrounded  hy  the  rectangular 
loop.  .\  little  light  mirror  is  attached  to  a,  and  the  move 
mcnts  of  the  rectangle  are  observed  by  luelhods  which  will 
be  dcstTibcd  in  detail  later.'-  If  now  radiant  energy  br 
direr  ted  on  to  the  line  between  Sl>  and  Hi,  whilst  the 
remoter  junctions  are  screened,  a  current  will  flow  from 
Bi  to  !^  across  this  junction,  and  complete  its  circuit 
through  the  copper  rectangle.  'I'he  suspended  loop  will 
ittid  to  turn  in  the  magnetic  field,  but  this  tendency  will 
be  Twisted  by  the  torsion  of  the  suspending  fibre.     The 

'  PhiloiK^phioxt  TranMflioui,  1 889  A. 
'  i"«  |)p.  346  (0  349- 
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actual  motion  will  df|»end  w\ion  the  turrent  strength,  and, 
since  the  circuit  resistance  i»  constant,  upon  the  ELM.F.  at 
the  junction  ;  therefore,  finally  it  will  bear  son^e  proportion 


I  h«  Kulio-Mtcr\^m«icr. 


to  the  amount  of  radiant  energy  directed  updn  the  iunction 
and  can  be  made  to  inea.«urc  that  energy. 

Not    content    with   the   performances  oi   iJiis  utlaatc 
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inslrument,  Professor  Boys  entered  into  an  elnborate  mathe- 
matical calculation  with  the  object  of  determining  the  best 
proportions  for  the  various  parts.  The  result  was  the  pro- 
duction of  the  instrument  represented  in  Figs.  144  and  145. 
Two  .small  bars,  Sb  and  fit,  of  certain  alloys  of  antimony 
and  bismuth,  which  were  found  to  be  more  suitable  than 
ihe  pure  metals,  are  soldered  at  their  lower  ends  to  a  small 
disc  Cu  of  copper  foil.  These  bars  measure  ix.'nXjiij 
inch,  and  are,  therefore,  very  small ;  the  copper  disc  is  only 
x^  inch  in  diameter.  The  upper  ends  of  Sb  and  Hi  are 
soldered  to  a  very  fine  piece  of  copper  wire,  bent  into 
the  form  of  a  little  circuit  i  inch  long  and  about  ,'77  inch 
wide.  This  is  fastened  to  a  connecting  stem,  to  which  is 
attached  a  little  mirror  w,  ,\,  inch  square,  and  s^,,  inch 
thick.     The  whole  is  suspended  by  a  single  quartz  fibre 


4  inches  long  and 


inch  in  diameter.     It  may  be  men- 


tioned incidentally  that  it  was  during  the  evolution  of  this 
instrument  that  Professor  Boys  investigated  the  properties 
of  these  excessively  fine  quartz  fibres,  and  invented  his  in- 
genious method  of  making  them.  The  whole  suspended 
arrangement  now  described  is  placed  in  a  bra.ss  tube  as 
shown  in  Fig.  144,  and  fixed  so  that  the  coi)per  wire  circuit 
lies  between  the  poles,  N  S,  of  a  powerful  magnet.  And 
here  an  interesting  detail  occurs.  Bismuth  and  antimony 
have  both  sufficiently  strong  magnetic  properties  to  destroy 
the  usefulness  of  such  a  delicate  instrument  if  the  bars 
6/' and  i/<  were  placed  inastrong  magnetic  field.  It  iif  therefore 
necessary  to  aran  them  magnetically,  and  this  is  done  by 
placing  them  in  the  midst  ol  a  block  of  iron,  which  is  shown 
hy  darker  shading  in  Fig.  144.  The  lines  of  force  fiom  N 
to  S,  which  would  otherwise  have  passed  through  the  space 
occupied  by  the  therino-electric  bars,  run  through  the 
iron  by  inference,  and  thus  leave  this  space  clear  and 
free  from  magnetic  lines. 

The  radiations  arc  directed  on  to  the  thin  disc  of  copper 
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foil  through  the  narrow  hole  in  the  lower  block  of  tnetal 
So  thin  and  light  is  this  foil  that  very  little  heat  suffices  to 
change  its  temperature,  and  the  smallest  change  of  temper- 
ature at  once  sets  ujt  an  electric  pressure  at  the  Sf',  Bt 
junctions,  attached  to  it.  This  causes  a  current  in  the 
circuit,  which  therefore  rotates  in  the  magnetic  ticld  until 
pulled  up  by  the  torsion  of  the  quartz  fibre. 

The  instrument  is  extraordinarily  sensitive.  It  is  cal- 
culated that  a  readable  deHeclion  can  be  obtained  by  a  rise 
of  temperature  of  the  copper  foil  not  greater  than  one 
millionth  of  a  degree,  and  experiment  shows  that  a  move 
nicnl  can  be  obtained  by  directing  on  to  the  foil  a  (|unniity  of 
heat  no  greater  than  would  be  radiated  on  to  a  halfpenny 
by  a  candle-flame  1,530  feet  away  from  it.  Still  further 
sensitiveness  has  been  more  recently  attained,  and  Professor 
Boys  states  that  he  can  now  detect  the  radiations  from  a 
cindlc  at  a  distance  of  two  miles. 


COM.MERCIAL   THERMOPILES. 

'I'he  problem  of  utilising  thcnnopiles  for  the  pioductioD 
of  the  currents  retjuired  in  the  various  a]iplicnliuns  of 
electricity  has  always  attracted  a  great  deal  of  attention, 
since  by  their  means  we  directly  convert  heat  energy, 
whii  h  is  readily  procurable,  into  the  energy  of  electric 
currents.  .\lso,  since  the  jiafh  of  the  current  through  the 
thermopile  lies  through  metals  or  alloys  which  are  gnod 
conductors,  the  internal  resistance  of  the  arrangement  ean 
be  made  very  small.  On  the  other  hand,  the  greatest 
drawback  is  the  sinallness  of  the  K.M.F.'s  prfnluccd  nt  each 
junction  with  any  practicable  temperature,  thus  necessitat- 
ing the  employment  of  a  great  number  ot  "  couples  "  if  an 
KM  F.  of  useful  magnitude  is  to  be  produced.  .\lso  tlic 
fact  that  Uie  materials  of  the  thermopile  arc  not  only  good 
conductors  of  elcctridiy,  l)ut  also  of  htat,  militate*  nj^ainsi 
its  success.    For  the  effects  sought  depend  on  the  Jifertnrt 
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temperalure  between  the  hot  and  the  cold  junctions, 
and  this  difference  the  good  thermal  conductivity  of  the 
materials  tends  to  remove.  Then,  again,  the  Peltier  effects 
ai  the  two  junctions  tend  to  equalise  their  temperatures,  for 
this  effect  cools  the  hot  and  warms  the  cold  junction.  But 
perhaps    the    greatest    practical    ditficuliy   is   due   to   the 


--^- 


rig.  146.— CUmond's  Thermopile. 


unequal  coeflicienls  of  expansion  of  the  materials  em- 
ployed. As  a  thermopile  in  intermittent  use  is  being 
continually  cooled  and  heated,  these  inequalities  of  ex- 
]ransion  and  contraction  tend  to  rack  it  to  pieces.  Indeed, 
it  is  probable  that  a  single  heating  and  cooling  leads  to 
gore  wear  and  tear  than  would  result  from  a  long-continued 
■  of  the  pile  with  its  best  working  current  flowing. 
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These  being  the  chief  ditfiiullies,  which  up  lo  the 
present  liave  not  been  very  successfully  overcome,  we  shall 
eonleni  ourselves  by  describing  two  modern  forms  of 
thermopiles,  which  may  be  taken  as  tyjKss  of  the  best  that 
have  been  produced. 

One  of  the  well-known  thermo])iles  of  Clamond  is  shown 
in  l-'ig.  146.  It  consists  of  fifty  pairs  of  elements,  and  is 
arranged  so  that  the  heat  can  be  obtained  by  burning  conl 


Ktg,  Iff,— SccUohaI  Plan  of  CUmoiid't  71iemioptte. 


gas.  The  pairs  of  elements  are  arranged  above  one  another 
in  five  tiers,  insulated  from  one  another,  and  each  f  ontaining 
ten  paiis,  the  airaugcmenl  of  each  tier  being  as  depicted  in 
Fig.  147.  Each  pair  of  elements  consists  of  a  piece  of 
sheet-iron,  F,  of  the  shape  shown,  and  a  comp.iratively 
massive  block,  h,  made  of  an  alloy  consisting;  of  two  |iarL* 
of  antimony  and  one  part  of  zinc.  The  successive  junctions 
are  alternately  in  the  central  cylindrical  space,  S,  and  on  the 
outside  of  the  pile.     'I'hcy  are  numbered  lonseculiveljr  tn 
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the  direction  in  which  the  current  tends  to  flow  when  the 
inner  junctions  are  heated,  and  thus  the  |>ath  of  the  current 
through  the  pile  can  easily  be  traced.  The  peculiar  pro- 
jecting shape  given  to  the  sheet-iron  is  for  the  purpose 
of  exposing  a  large  surface  to  the  cooling  action  of  the 
outside    air    in    order   to   assist    in    keejjing   the   external 


-    148.—  Impiuvcil  t.  : 

junctions  cool.  In  some  large  thermopiles  sheets  of  copper 
projecting  outwards  are  attached  to  Ihi;  cold  junctions  for 
the  pur|)0.sc  of  more  freely  radiating  the  heat  which  is 
generated  in  these  by  the  Peltier  effect,  and  that  also  which 
reaches  ihein  by  conduction  from  the  hot  junctions.  These 
copper  radiators  thus  [ilay  an  iin[)ortant  part  in  the  action 
uf  the  apparatus. 
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After  the  various  tiers  are  built  up  over  one  another,  a 
tubular  gas-lmrner,  of  porcelain  with  little  holes  opposite 
each  inner  junction,  is  fixed  in  the  rentral  s[>a<;e.  From 
these  holes  small  gas  flames  play  u()on  the  junctions,  which 
arc,  however,  protected  from  the  direct  action  of  the  flames 
by  asbestos  cement.  Under  these  circumstances,  each  thermo- 
electric couple  develops  an  E.M.F.  of  about  one-tliirtieth  of  a 
volt,  and  the  whole  F..M.F.  of  the  fifty  pairs  is  about  i'8 
volls,  the  consumption  of  gas  being  six  cubic  feel  per  hour. 


In  1879  L)u  Monccl  constructed  the  much  larger 
Clamond  Pile  shown  in  Fig.  148.  This  pile  was  heated  by 
a  coke  furnace,  the  hot  gases  from  which  passeil  In  the 
chimney  A.  through  the  cylindric  flues  as  shown  by  the 
arrows.  The  couples  C  are  arranged  round  the  outside 
of  the  annular  cylindric  S)>ace  P.  Cop|)cr  mdutors  ]l  arc 
.iliathed  to  the  outer  junctions,  but  arc.  o<  1  • 
ally  insulated  from  them.     The  pile  consist*  ci  1 

Iwttcrics  of  3,000  couples,  each    divided    into  30  sets  of 
loo  couples.      Each    battery  h:Ls  a   total    r,.M.P.  of    109 
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volts,  and  an  inlernal  resistance  of  t5's  ohms,  and  the  two 
togetiier  consume  22lb.  of  coke  per  hour. 

The  (iiilcher  thermopile  shown  in  Fig.  149  was  e.vhibited 
at  the  Frankfort  Exhibition  of  1891.  It  consists  of  fifty 
thermo-electric  couples,  the  electro-positive  element  of  each 
pair  being  a  tulje  of  nickel  Fifty  of  these  nickel  tubes  are 
arranged  in  two  rows  down  the  centre  of  the  pile;  they  are, 
of  course,  insulated  from  one  another,  and  each  tube 
surrounds  the  flame  of  a  small  one-hole  soapstone  gas- 
burner.  The  negative  elements  consist  of  rectangular 
blocks  of  an  alloy  of  antimony  having  a  high  melting-[>oint. 
There  are  twenty-five  of  these  blocks  on  either  side,  and 
each  block  is  connected  to  one  of  the  nickel  tubes  by  a 
nickel  connecting  piece.  The  various  couples  are  insulated 
from  one  another  by  sheets  of  asbestos,  and  the  necessary 
electric  connections  are  made  by  copper  sheets,  which,  pro- 
jecting outwards,  also  serve  as  radiators. 

One  of  these  piles  burning  67  ruliic  feet  of  gas  per  hour 
has  an  E.M.F.  of  38  volts,  and  when  giving  a  current  of 
4*63  anij)feres  has  an  external  potential  difference  of  i"9 
volts,  thus  giving  a  useful  output  of  8'8  watts.  In  order 
to  compare  ibis  result  with  a  gas  engine  and  dynamo,  we 
may  take  the  useful  output  of  four  such  piles,  burning  268 
rubir  feel  per  hour,  as  35' 2  watts.  But  the  useful  output 
of  a  small  gas  engine  and  dynamo  burning  the  same 
rjuantity  of  g.is  wouUl  not  be  less  that  650  watts,  or  about 
iSi  times  that  of  the  four  thermopiles.  Herr  Ciulcher 
claims  that  this  thermoi)ile  is  the  most  economical  yet 
produced,  and  these  figures  will  therefore  enable  the 
reader  to  compare  the  relative  values  of  the  mechanical 
and  thermal  methods  of  prochicing  electrical  current  energy 
from  the  same  source,  namely,  coal-gas, 

t,luite  recently  a  thermo-electric  stove  has  been  devised 
for  household  u.se.  Ilie  stove  is  of  an  ordinary  type,  and 
Its  primary  object  is  for  heating  purposes,  but  a  thermopile 
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is  arranged  in  connection  with  it  in  such  a  way  that  the 
'.vastc  heat  of  the  stove  is  utilised  to  generate  an  dectric 
current,  which  is  said  to  develop  a  useful  power  of  30  to  40 
wntts.  As  this  [tower  is  obtained  from  heat  which  would 
otluTwisc  be  wasted,  the  device  may  lead  to  some  useful 
practical  result. 
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CHAPTKR  VI. 

LAW    OF    CONDUCTION. 

Ix  the  preceding  section  we  have  described  in  detail  the 
various  methods  by  which  the  electric  current  can  be 
produced  or  jjenerated,  and  incidentally  we  have,  from  lime 
to  time,  referred  to  the  laws  which  regulate  the  flow  of  the 
current  or  govern  the  phenomena  which,  either  invariably, 
or  under  certain  circumstances,  acromi)any  it.  The 
quantitative  statement  of  these  laws  has  been  avoided, 
except  so  far  as  was  absolutely  necessary  to  elucidate 
important  [wints  connected  with  the  methods  of  generation. 
Kut  these  methods  having,  we  hope,  been  now  made  clear 
to  our  readers,  it  will  be  most  interesting  to  turn  to  the 
quantitative  aspect  of  the  laws  referred  to.  This  will  not 
be  found  to  demand  any  concentrated  effort,  for  the 
fundamental  laws  are  grand  in  their  simplicity,  and  it  is 
with  these  only  that  wc  propose  to  deal.  The  consideration 
of  them  naturally  leads  to  a  description  of  the  numerous 
beautiful  measuring  instruments  which  are  used  in  electric- 
current  work,  and  to  this  description  we  shall  devote  a 
special  chapter. 

After  explaining  the  law  of  conduction,  we  shall  deal 
with  the  three  characteristic  effects  of  the  current,  then 
with  mea.suring  instrimients,  and  lastly,  as  being  more 
conveniently   dealt   with  in   one   place,    the   moditicatiuns 
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introduced,  and  the  aspect  of  the  Ir.ws  hIk-h  thi>  rurr.nts 
arc  either  fluctuating  ur  alternating. 

When  in  the  light  of  modern  science  we  Uiok  luck  ujion 
the  simplicity  of  the  law  involved,  it  is  almost  incredible' 
that  m.iny  years  should  have  elapsed  l>ctwccn  \'olta's 
discovery  of  the  chemical  method  of  producing  a  ste,iHy 
flow  of  electricity  in  a  conducting  ciicuit,  and  the 
enunciation  of  the  conditions  governing  that  flow.  Hut, 
as  in  several  other  rases  of  great  discoveries,  the  simplicity 
of  the  generalisation  is,  perhaps,  the  best  men-sure  of  its 
grandeur.  For,  on  the  one  hand,  the  law  is  so  simjile,  that, 
like  the  l.iw  of  gravitaticjn.  the  least  instructed  can  gr:i$p  its 
•significance  and  value,  and  yet,  on  the  other  hand,  like  the 
same  law,  the  full  explanation  of  it  still  offers  some  of  the 
grandest  problems  to  the  consideration  of  the  searcher  after 
truth.  To  the  genius  of  G.  S.  Ohm,  of  Munich,  we  owe 
the  clear  enunciation  of  the  law  which  he  gave  to  the  world 
in  1827,  in  a  pamphlet  entitled,  "Die  Oalvanischc  Kctie 
M.Tthcinatisrji  lie.nrhcitet."  From  the  name  of  its  discoverer 
it  is  known  as  Ohm's  law,  and  is  one  of  the  most  far- 
reaching  and  important  laws  in  the  whole  realm  of  physics^ 

Ohm's  Law.  -Slated  in  its  t).aldcst  form,  this  celebrated 
law  .issciis  thai  the  mtio  of  the  electric  pressure  in  any  (larl 
of  n  conducting  circuit  to  the  electric  current  that  it  pro- 
duces in  that  part  of  the  circuit  is  always  the  same,   bo 
matter  how  great  or  how  small   the  i)res.sure  and   c:urrent 
may  be.    Thus,  if  a  |X)lentia!  difference  (or  electric  prwiurr) 
of  one  millionth  of  a  volt  between  the  two  ends  of  a  certain 
wire  produces  a  certain  current  in  thai  wire,  then  R  )>otentnl 
diflTcrcnce  of  one  volt  will  ])ri)diice  a  current  ex.i 
million  limes  as  gtoat,  and  any  other  pre-K-sure  will  ; 
it«    corrciiM-inding  current.      On    the   other   hand,   il  wc 
change  the  wire  for  a  longer  or  a  thicker  one,  or  on-  — '  • 
of  a  difTerent  materi.-d,  wc  find  lluit  the  (^totentlaJ  d 
of  one  volt  produces  a  diifcrent  current  to  what  ii  ilui  ua 
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ihe  former  wire,  but  thai,  agniii;  in  the  new  wire  the  current 
produced  is  strictly  proportional  to  the  potential  difference; 
jf  we  double  the  one  wc  double  thi-  other,  and  so  on.  The 
particular  ratio  between  the  potential  difference  and  the 
current  it  produces  in  a  given  conductor  is  thus  evidently 
a  distinct  property  of  the  conductor,  just  as  much  as  its 
colour,  density,  hardness,  or  any  of  the  other  distinguishing 
properties  that  belong  to  it.  It  is,  therefore,  fitting  that 
this  additional  property  should  receive  a  special  name,  and 
it  is  now  universally  known  as  the  electrical  resistance 
of  the  conductor.  Thus,  by  the  teim  electrical  rcsistam  e 
of  any  conductor,  wc  mean  neither  more  nor  less  thaft 
tfif  ratio  Mween  any potenlial  dijjt.retice  In  which  its  two  ends 
may  (<e  h rough t  and  llu  elf f trie  current  thereby  produced. 
The  definition  assumes  that  there  is  no  source  of  electric 
pressure  (or  E.M.F.)  in  the  conductor  itself;  if  there  is,  it 
must  be  allowed  for  in  reckoning  the  pressure  available  for 
driving  the  current. 

The  term  resistance  adopted  for  the  above  ratio  is 
justified  by  the  well-ascertained  fact  that  the  energy 
converted  into  heat  by  the  flow  of  the  current  is  directly 
proportional  to  the  numerical  value  of  the  ratio.  1  he 
generation  of  this  heat  may  very  well  be  regarded  as  due  to 
a  kind  of  electric  friction  which  resists  the  flow  of  the 
current,  giving  rise,  just  as  in  the  case  of  mechanical  friction, 
to  the  production  of  heat.  As  a  rule,  this  heat-  is  wasted 
and  is  a  source  of  lo.ss ;  but  sometimes,  as  shown  in  a 
subsequent  section,  part  of  it  may  be  usefully  emi)loyed. 

The  law  just  enunciated,  which  governs  the  flow  of  the 
electric  current  in  conductors,  is  very  analogous  to  the  law 
which  governs  the  flow  of  incomy>ressible  liquid.s,  such  as 
water  in  pipes.  In  order  to  produce  a  steady  flow  of  water 
in  a  pipe,  a  steady  difference  of  hydraulic  pressure  must  be 
mn:       '  it  the  two  ends,  and  the  current  will  tiieu  flow 

fn.n  I  whetv  the   pressure  is  higher  to  that  at  which 
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it  is  lower.     Moreover,  a  ccrlain  difference  of  pressure  will 
always  produce  a  certain  rate  of  flow  of  water,  provided  the 
pi|)e  l)c  not  changed  in  niiy  way.     Any  chnnyc  in  the  length  , 
or  diameter  of  the  pipe  will  affect  the  rate  of  flow,     .'\gniri, ' 
any  increase  or  decrease  of  the  driving  |)ressiire  (or  pressurc- 
differenre)  will  lead  to  a  corresponding  increase  or  decrease 
in  the  rate  of  flow,  though  for  extreme  pressures  the  law  of 
proportionality  of  ])ressure  to  flow  is  not  so  strict  as  in  the 
electric  case.     I  jstly,  the  flow  of  the  water  in  the  pipe  leads 
to  the  conversion  of  energy  into  heat,  due  to  the /rutioHit/ 
resistam-f  to  the  flow  ;  this  heat,  even  more  fre<piently  ihan  , 
in  the  electric  case,  cannot  be  ajiplied  to  any  useful  puqiosc, 
and  the  energy  that  it  represents  is  wasted. 

Returning  to  the  electrical  phenomena,  there  is  a  further 
limitation  involveil  in  our  definition  of  resistance  to  which 
we  must  liriefly  allude,  and  that  is,  that  the  passage  of  the 
current  is  not  to  alter  the  i)hysic.il  condition  of  the  con- 
ductor in  any  way;  for  the  electrical  resistance,  like  many  of 
its  other  properties,  depends  on  this  condition.  Thus,, 
the  density,  hardness,  and  oftentimes  the  colour,  of  a  body' 
are  changed  when  its  temperature  is  changed,  and  so 
likewise  is  its  electrical  resistance.  For  small  changes  of 
temperature  the  change  in  the  resistance  is  so  small  in 
many  materials  as  to  be  negligible,  hut  if  the  current  is 
large  enough  to  raise  the  temperature  of  the  conductor 
considerably,  then  with  the  change  of  temperature  there  is 
a  change  of  resistance,  or,  in  other  words,  the  ratio  of 
potential  difference  to  current  changes.  For  example, 
in  the  case  of  a  glow-lamp,  when  the  current  necessary  to 
raise  it  to  inc.indescence  is  passed  through  the  filament, 
the  glowing  filament  has  an  electrical  resistance  very 
diffea-nt  from  that  of  the  bl.ick  r.irl>on  filament  in  tbe 
cold  lamp. 

Resistance   lieing  thus   a   physical    properly   of   every 
conductor,   and    il«    magnitude    depending    only  on   tlu 
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material,  size  and  shape  of  the  conductor,  the  selection 
of  a  standard,  or  unit  of  resistance,  could  be  made  quiie 
arbitrarily,  l)y  taking  any  convenient  conductor,  of  a  certain 
size  and  shain;,  and  measuring  all  other  resistances  in  terms 
of  its  resistance.  This  would  be  analogous  to  the  method 
of  measuring  the  si^cific  gravities  of  bodies  in  terms  of  the 
density  of  water  as  unity,  or  the  length  of  a  piece  of  cloth 
in  terms  of  the  standard  yard,  which  is  merely  the  length  of 
a  Certain  bar  of  metal  preserved  in  Westminster  Palace, 
and  from  which  copies  are  taken  for  use.  In  the  early 
days  of  the  development  of  electrical  science,  and  especially 
of  telegraphy,  this  method  was  followed,  and  each  experi- 
menter who  aimed  at  expressing  his  resistances  quantita- 
tively, arbitrarily  adopted  the  unit  most  convenient  to 
him.self,  which  was  frc(]uently  the  resistance  of  a  certain 
length  of  a  certain  piece  of  wire  which  he  had  in  his 
laboratory.  It  was  thus  well-nigh  impossible  to  compare 
the  results  of  one  experimenter  with  those  of  another,  for 
though  the  material  of  the  standard  conductor  was  carefully 
specified,  the  influence  of  small  changes  in  the  composition 
of  the  material,  and  especially  of  certain  impurities,  was 
not  accurately  known.  A  great  step  in  advance  was  made 
when  Siemens,  in  i860,  introduced  his  mercury  unit  and 
measured  all  his  resistances  in  terms  of  the  resistance  of  a 
column  of  /w/r  mercury,  one  metre  long  and  one  square 
millimetre  in  cross- section,  at  the  temperature  of  melting 
ice  (o  C).  The  great  advantage  of  this  unit  is  that  the 
material  employed  is  one  which  can  readily  be  obtained  in 
a  state  of  [jurity,  and  that,  being  a  liquid,  at  oX'.  it  has  a 
definite  physical  constitution.  Still,  the  Siemens  unit, 
as  it  is  called,  is  an  itrOilrary  unit,  and  in  its  choice  no 
account  was  taken  of  the  other  units,  especially  the 
mecfaanical  ones,  which  are  frequently  met  with  in  electrical 
measurements. 

WV  h.nve  seen  that  to  maintain  an  electric  current  in  a 
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conductor,  work  has  to  l)c  done  and  energy  used  uji 
somewhere.  Also  that  part,  if  not  all,  of  the  energy  so 
used  up  reajipcirs  as  heat-energy  in  the  conductor,  and 
that  the  heat-energy  thus  jiroduced  is  directly  proportional 
to  the  resistance  of  the  conductor.  But  heal  energy,  as 
energy,  can  be  expressed  in  terms  of  the  ordinary 
mechanical  units  of  work,  that  is  as  footlbi.  in  ordinary 
British  units  of  work,  or  as  ergs  in  the  C.G.S.  (centimetre, 
granimc,  second),  or  metric  system  of  units.  Now,  it  will 
obviously  conduce  to  simplicity  in  the  calculations,  if  the  unit 
of  resistance  l)e  so  chosen  as  to  have  some  simple  relation 
to  the  nieihanical  units  which  have  been  already  fixed  by 
other  considerations.  For  instance,  the  simplest  relation  of 
all  would  be  that  in  which  the  unit  of  raistivue  >na%  tu<k 
thtit  on€  (rg  oj  heat  energy  was produccii  in  it  by  unit  {urrtnt\ 
Hmving  for  one  second,  the  unit  of  current  having  already 
been  decided  upon.  This  unit  is  usually  referred  to  as  the 
absulule  unit  of  resistance. 

In  1861  the  British  Association  ap))ointed  a  strong 
committee  to  investigate  the  i|uestion  of  electrical  units, 
and  to  determine  what  units  would  be  most  convenient  for 
])ractir.al  and  scientific  use.  The  committee  decided  that 
the  best  practical  unit  of  resistance  would  be  that  which 
"K^s,  one  thousand  million  times  {i.e.,  10")  the  above  absolute 
unit  of  resistance.  This  practical  unit  was  called  the  Ohm. 
m  honour  of  ("..  S.  Ohm,  the  discoverer  nf  the  furtdamtnt.il 
law  that  regulates  the  flow  of  the  current  through  con- 
ductors. The  necessity  for  taking  such  a  large  multiple  of 
the  absolute  unit  for  the  prattica]  trnit  arises,  first,  firum 
the  sniallncss  of  the  vr\i  as  a  unit  of  eneri^y,  and  ^ 
from  the  necessity  for  evi)ressing  resistances  m  onli 
with  a  small  number  of  digits.  Thus,  a  mile  of  ordinary 
telegraph  wire  has  a  resistance  of  about  13  ohms,  btit 
expressed  in  absolute  units  this  resi.stance  would  be 
13,000,000,000,  IX  number  much  ton  awkward  for  cvery-day 
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use.  Even  then,  however,  the  magnitude  fixed  upon  is 
only  a  compromise,  for  the  range  of  resistances  with  which 
the  electrician  has  to  deal  is  enormous.  Thus,  in  measuring 
the  resistance  of  short  thick  pieces  of  good  conductors  the 
ohm  is  far  too  large  a  unit,  and  he  expresses  his  results  in 
terms  of  the  microhm  (or  Utile  ohm),  which  is  one- 
millionfh  part  of  the  ohm.  Again,  in  measuring  insulation 
resistances  the  ohm  is  much  too  small,  and  he  uses 
instead  the  megohm  {ot  great  ohm),  which  is  one  million 
linui  the  ohm. 

but  now  a  practical  consideration  forces  itself  upon 
our  notice.  It  is  all  very  well  to  define  the  ohm  as  one 
thousand  million  times  the  ahsolute  unit  of  resistance,  but 
for  actual  use  one  must  have  a  concrete  standard  to  refer 
to.  The  case  is  analogous  to  that  which  occurs  in  con- 
nection with  the  metre  as  a  unit  of  length.  Originally  the 
metre  was  defined  as  the  one-ten-millionth  part  of  the 
distance  from  the  earth's  equator  to  either  of  its  poles. 
Now,  it  is  obvious  that  such  a  definition  is  of  no  value  for 
practical  use,  because  when,  for  instance,  a  merchant  wishes 
to  measure  the  length  of  a  piece  of  cloth,  it  is  quite  out  of 
the  question  that  he  should  trouble  himself  with  difficult 
and  laborious  measurements  connected  with  the  siite  of  the 
earth.  Therefore,  as  a  result  of  careful  terrestrial  measure- 
ments, a  platinum  bar  was  constructed,  to  represent  as 
accurately  as  possible  the  required  fraction  of  the  earth's 
circumference,  and  topics  of  this  bar  are  made  for  ordinary 
use  in  ever)'  day  life.  By  coinparbon  with  these,  any 
particular  length  can  be  easily  measured.  So  for  the  ohm, 
the  practical  unit  of  resistance.  The  determination  of  the 
resistance  of  any  conductor  directly  in  absolute  units  is 
even  more  laborious  than  the  terrestrial  measurements 
just  referred  to,  but  the  comparison  of  one  resistance  with 
another  is  an  easy  and  simple  operation.  Therefore,  when 
the  more  difliculi  measurement  has  been  made,  the  results 
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arc  embodied  in  actual  standards  for  reference     Such  a 
standard  is  the  itaiulaid  ohm. 

'I'hcrc  still  remains  the  question  of  defining  the  praciical 
ohm,  apart  from  its  connection  with  the  al>solute  unit 
Witluiut  gointi!  into  the  pros  and  cons  of  the  matter— for 
this  would  lead  us  loo  far  afield — wc  may  state  brieriy  thai 
the  /vrm  of  the  Siemens  mercury  unit  has  distinct  advan- 
tages over  its  competitors  for  this  purpose.  The  only 
thing  to  he  altered  is  the  length,  which  very  numerous 
experiments  have  shown  must  he  io6'3  centimetres 
instead  of  100  centimetres  (/>.,  one  metre).  Also,  as  it  is 
much  easier  to  xvtijih  a  fine  column  of  mercury  than  to 
determine  its  cross-section  accurately,  it  has  been  found 
best  to  specify  the  weight  which  corres|)onds  to  a  uniform 
cross-section  uf  one  sijuare  millimetre.  Thus  we  arrive  ai 
tUc  following  definition;-  "2/iw'  ohm  is  tht  rtsistantt  oj 
A  fofumn  0/  piitr  mercury  of  uniform  cross-section  106-3 
ctntinicttrs  /ant;  al  o  C  I'lid  :ivi^/iinj^  14-4521  grammes. 

Such  is  the  definition  :  but,  just  as  with  the  standard 

metre  bar,  the  actual  de- 
fined standard  is  seldom 
used,  but  copies  of  con- 
\etiicnl  form,  and  made  uf 
other  materials,  are  em- 
ployed. One  of  ihcsc, 
rccomniended  by  Dr. 
Fleming,  is  shown  in  Fig. 
150.  A  coD  of  &ilk- 
covercd  platinum  silver 
wire  is  contained  inside  the 
Mat  ring  C,  and  its  two 
ends  are  soldered  to  the  thick  copper  rods  A  B,  A  B',  which 
pass  up  through  the  brass  tubes  T  T',  without  louchiniz  thein. 
Bcside.t  being  covered  with  mR  !  in 

paraffin  wiix  ;  J)  is  a  block  of  .:  iJly 
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Kiipporis  the  copier  luds.  When  used,  ihe  ring  C  is  placed 
fin  a  vessel  of  melting  ice  to  lirinj;  it  tu  the  temperature  of 

"C,  the  temperntiire  at  which  its  resistance  is  accurately 
iVnown,  and  the  ends  B  R'  are  inserted  in  cups  of  mercury 

vhich  arc  connected  to  the  other  jwirts  of  the  circuit. 

But  in  measuring  lengths  we  not  only  want  our  standard 

netre  or  standard  yard,  as  the  case  may  be,  but  we  also 
'  require  lonR  tajie  or  chain  measures  for  long  lengths,  and 

small  carefully  divided  scales  for  fine  work.  So,  in  measure- 
tDients  of  resistance,  we 
ITieed  many  different 
[resistances  of  known 
[value.  These  are  usually 
[made  up  in  resistance 
llioxes,  as  they  are  called. 
fond  consist  of  various 
I  lengths  of  wire  of  various 
Itliickncsscs.  Each  wire 
lis  coiled,  as  seen  in 
■Tig.  151,  and  its  two 
[ends  connected  to  two 

adjacent  blocks  of  brass 
[on  the  top  of  the 
[box.     Thus,  the  ends  of 

the  coil  W  arc  connected  to  the  blocks  C  and  C-,  and 
llhose  of  the  coil  \\-  to   the   tJocks  C-   and  O.     If  we 

luppose  that  one  pole  of  the  b.ittery  is  connected  through  a 

conductor  to  the  block  C,  and  the  other  pole  to  the  block 
[C*.  the  current  can  only  get  from  C  to  C-  by  passing 
Mhrough  the  coil  \V',  whose  resistance  is  marked  on  the  top 

Bf  the  box  ;  this  coil,  therefore,  forms  part  of  the  circuit. 
ie  plugs  P'  and  P-  consist  of  short  conical  pieces  of  brass 

nth    ebonite    tops ;    they   .ire   carefully    turned,  so    as  to 

iccurately  fit  the  holes  between  the  brass  block  C,  C,  C*. 

^VTicn  the  plug  i.s  inserted   in  .Tny  hole  it  forms  an  easy 


B  B 

Kig.  151,— Ordinary  RevJtance  Coil*. 


!78 


7// A  Elfxtkic  Cvrrrnt. 


conducting  path  for  the  current  from  one  block  to  the 
other.  In  the  figure  the  current  ciin  pass  far  more  easily 
from  C-  to  C,  through  the  plug  P-,  tlian  through  the  coil 
W-',  and  therefore  practically  none  of  it  passes  through  W-, 
which  is  thus  out  of  circuit.  In  other  wurds,  the  coil  W-  is 
short-firaiiti'J  by  the  plug  P-.  Hy  inserting  and  with- 
drawing the  plugs  the  resistance  of  the  circuit  can  thus 
be  ipiickly  altered  without  interfering  with  the  pennanenl 
connections.  I-ig.  152  shows  how  a  box  of  eleven  coils  is 
arranged  ;  T'  and  T-  are  the  terminals  to  which  the  two 
(Muls  of  the  rest  of  the  circuit  are  firmly  joined,  and  then 

any  resistance  or 
combination  of  re- 
sistances within  the 
range  of  the  box  can 
be  added  to  this  cir- 
cuit by  withdraw- 
ing the  proper  plugs. 
Other  devices,  such 
as  sliding  connections 
Kig.  .J..    R«tt.n«  Bov  of  various  kinds,  arc 

sometimes  used  for 
altering  the  resistances  of  a  circuit,  l)ut  the  blocks  and  plugs 
just  described  are  by  far  the  most  reliable.  It  should  b^^fl 
noticed  that  in  Fig.  151  the  wire  is  coiled  double,  bein^^^ 
bent  back  on  itself  at  its  middle  point,  as  shown  nt  the  top 
of  the  bobbins.  This  is  t<i  diminish  the  magnetic  cflc-ct  of 
the  coil  as  much  as  possible,  for  when  a  current  |wsscs 
it  circulates  in  one-half  of  the  wire  in  a  clockwise  direction, 
and  in  the  olhet  half  in  a  counter-clockwise  direction. 
The  magnetic  effects  of  the  two  halves  therefore  opi>ose  one 
another,  and  by  careful  winding  Ihc  resultant  eftcet  may 
be  very  nearly  zero. 

Measurement  of  Resistance.— A  reference  to  page 
7-\  will  suggest  that  the  method  of  measuring  mistanre 
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most  in  accordance  with  tlic  ilefinition  is  to  measure 
Minultnneously  the  potential  diffcrenee  and  also  the  current 
flowing  :  the  ratio  of  these  two  quantities  will  he  the 
resistance  of  the  conductor.  If  the  [Xjicntial-tiifferences 
and  currents  are  measured  in  absolute  units,  the  ratio  will 
give  the  resistances  m  the  absolute  units  already  referred  to. 
More  particularly  if  the  jiotential-difierences  be  measured  in 
wl/i  and  the  currents  in  amp'crci  the  resulting  ratios  will  be 
I  the  resistances  in  nhms.  Before  considering  the  method 
of  determining  potential-differences  and  currents,  it  will  be 
simpler  to  refer  briefly  to  the  chief  method  of  determining  a 
resi.slnncc  by  comparison  with  a  known  resistance.  Most  of 
the  .iccurate  detenrtinntions  arc  made  by  such  comparisons. 


Klg.  153.  -  Piinciplc  of  \Vh<^tslone'«  Bridge. 

Comparison  of  Resistances. —  (he  most  sensitive 
method  of  comparing  the  relative  values  of  two  resistances 
was  devised  by  Christie  and  introduced  by  Wheatstone  ; 
with  its  various  mddifications  it  is  known  as  ll'heatstnues 
Bridge.  Fig.  153  represents  diagrammatically  the  principle 
of  the  test.  I'  and  (^  are  two  points  in  a  circuit  which  are 
connected  by  two  sets  of  conductors,  P  S  Q  and  P  T  (,* ;  in 
pa&sing  from  P  to  (^  the  current  passes  through  both  con- 
ductors in  pro|)ortions,  according  to  Ohm's  law,  inversely 
a»  their  resistances  ;  for  the  potentials  at  P  and  Q,  and  the 
|M»tential-difference  between  them,  are  the  same  for  both 
conductors.  The  potentials  of  the  various  points  along 
the  conductor,  P  S  (^  must,  therefore,  diminish  a.s  we  pass 
from  P  to  Q,  and  Ohm's  law  tells  us  that  the  fall  of 
{(ulential  must  be  ptopurtional  to  the  resistance  passed.     A 
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similar  rule  holds  for  I' T  Q.  If  now  we  select  a  point, 
S  on  P  S  Q,  il  is  evident  that  there  must  l)e  some  jwinl  on 
1*  T  Q  which  is  at  the  same  potential  as  S.  On  joining 
these  points  across  by  a  conductor  no  cnircnt  will  flow 
alnn^;  thi';  rondurtnr,  because  its  twn  ends  are  at  the  fame 
potential,  and  if  the  conductor  be  the  wire  of  a  gaU-anotneter 
the  index  of  the  instrument  will  remain  stationar^r.  But 
the  potential  difTcrenccs  on  the  two  sides  of  S  are  in  the 
ratio  nf  the  two  resistances  a  and  h  un  these  two  sides; 
similarly  the  ixitential-diffcrcnces  on  the  two  sides  of  T  are 
in  the  ratio  of  the  resistances  rand  d.     If,  therefore,  S  and 


Kif.  154.— ITn  Metre  Briilgc. 

T  nrc  nl  the  fame  potential,  when  tested  by  the  galvano- 
ntclcr.  thr  above  two  ratios  must  be  equal,  and  we  ha^e — 
a         c 

h  -~d 

Let  rt  be  on  unknown  resistance,  then,  if  we  know  the  value 

of  the  ratio  -^  and  also  the  value  of  the  resistance  h,  we  can 

easily  rnlculatc  the  vahu-  of/;. 

The  nimplest   apparatus   for    carrying   out  the  test  in 
practice  \*  that  shown  on  Fig.  1 54.  and  is  usually  known  as 
ihf  "  Metre  Bridge."     For  corresponding  electrical  i 
the  same  letters  arc  used  as  in   Kig.  153.     B  is  tht 
from  which  the  current  is  letl  to  the  point   /',  and  nticr 
dividing  between  the  rondnciors,  Pa  Sh  Q  and  P     '""'  ' ' 
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[Visst's  to  Q  and  back  lo  the  battery,  n  is  the  unknown 
resistance  to  be  measured  nnd  /'  is  a  known  resistance,  lx)th 
inserted  in  the  branch,  P  S  Q.  The  resistance  of  the 
branch  P  T  Q  \s  almost  entirely  that  of  the  uniform 
stretched  wire  L  T  M.  The  galvanometer  G  has  one 
terminal  connected  to  ^and  the  other  to  a  sliding  key  A', 
which  is  to  be  moved  along  the  wire  /  Af  until  the  galvan- 
ometer shows  no  current  ;   when  this  is  the  case  we  have 


Fig,  15^-  Diagram  of  Coiiii<ction&  of  Oidinary  Wheal5tone  BriJgc. 


'found  the  point,  T,  which  is  at  the  same  potential  a-s  5. 
[Since  L  T M\s  a  uniform  wire  the  ratio  of  the  resistance 
[<•  and  ^  is  the  same  as  the  ratio  of  the  lengths  Z  ^and  TAf 
«)f  the  %virc  ;  these  lengths  can  be  read  o(T  on  the  scale  in 
jthe  middle  of  the  board.  If  now  we  multiply  the  known 
IreMslance  f>  l)y  the  ratio  of  rlo  d  (or  of  I.  T\o  T Af),  we 
rhavc  the  rerjuired  value  of  the  resistance  a.  The  wire  Z  Af 
[is  usually  (but  not  necessarily)  a  "  metre  "  long,  hence  the 
inamc  given  to  this  form  of  Wheatstone's  Bridge. 

Although  the  Metre  Bridge    is  the  simplest  application 
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of  the  principle  of  Whealstonc's  IJridgc,  it  is  somewhat 
clumsy  for  ordinary  use,  because  of  the  long  length  of 
stretched  wire.  Numerous  other  modifications  have,  there- 
fore, l)ecn  devised,  .TntI  ihe  one  most  largely  used  is  shown 
diagranimatically,  with  hattury  and  galvanometer  joined  up, 
in  Fig.  155,  whilst  Fig.  156  shows  the  box  of  test-coils  in 
perspective.  In  both  figures  the  same  letters  are  used  for 
corresponding  points  .is  in  Fig.  153.  The  practical  differences 
lietween  this  form  and  the  wire  form  are  two  :    first,    the 
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ratio  of  f  to  (/  is  that  of  the  resistances  of  coils  of  known 
value ;  and  secondly,  balance,  as  it  is  called,  is  finally 
ol)taincd  by  altering  the  value  of  the  known  resistance,  h. 
This  alteration  is  effected  by  inserting  one  or  more  colls  in 
the  arm  S  Q,  by  means  of  the  plugs  as  alrea<ly  explained. 
The  resistance  to  be  measured  is  placed  between  1'  and  S, 
and  the  value  of  the  ratio  of  c  to  </can  be  altered  by  using 
diff'erent  coils  in  die  arms  1'  T  and  T  Q.  In  actual  practice 
press  keys  are  inserted  both  in  the  battery  branch  P  B  Q 
and  in  the  galvanometer  branch  S  G  T. 

Another  method  of  comparing  the  resistances  of  two 
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conductors  consists  in  observing  the  potential-differences 
required  lo  send  the  saine  current  through  each.  Very 
high  resistances  can  also  be  measured  by  observing  the  rate 
at  which  they  discharge  a  pair  of  charged  conductors.  For 
details  of  these  and  other  methods  we  must  refer  the 
reader  to  books  on  electrical  testing. 

Liquid  Resistances. — The  methods  of  measuring  and 
comparing  resistances  that  we  have  just  described  are 
applicable  to  liquids  as  well  as  solids,  but  the  application  is 
complicated  by  the  chemical  effect  always  produced  when 
the  current  jiasses  from  a  li(iuid  to  a  solid,  or  vii(  versa. 
We  have  seen  (page  44)  that  this  chemical  effect  appears 
electrically  as  an  opposing  E.M.F.,  which  cuts  down  the 
total  availal.'le  pressure,  and  therefore  cuts  down  the  current. 
Now  an  t'ncrtase  of  resistance  would  also  cut  down  the 
current.  If,  therefore,  the  chemical  effect  be  overlooked 
or  neglected  in  measuring  the  resistance  of  a  liquid,  the 
resistance  will  .ippear  to  be  gre.iter  than  it  really  is.  The 
consideration  of  the  methods  of  eliminating  or  of  counter- 
balancing the  chemical  effects  .ire  too  technical  to  describe 
here,  and  we  merely  refer  to  the  matter  to  caution  our 
readers  against  attempting  to  measure  liquid  resistances 
without  taking  proper  account  of  these  effects.  Details  of 
how  this  may  be  done  will  be  found  in  books  on  electrical 
testing. 

Values  of  Resistances. — Wc  shall  now  give  a  iew 
figures  relating  lo  the  actual  value  of  the  resistances  of 
various  materials,  which  we  hope  may  guard  our  readers 
against  making  very  serious  mistakes.  As  already  re- 
marked, the  range  of  values  is  enormous,  and  hence  arises 
the  danger  of  mistakes  of  a  magnitude  which  would  be 
impossible  in  the  everyday  concerns  of  life.  In  tabulating 
ihe  actual  resistances  of  various  materials  any  convenient 
si/e  and  shape  may  be  taken  as  the  standard  size  and  shape 
whose  resistance  is  specified  in  the  table.     For  scientific 
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purposes  the  most  convenient  standard  of  this  kind  is  a 
prismatic  piece  of  the  material  one  centimetre  long  and 
one  square  centimetre  in  fross-seclional  area.  For  tele- 
grapliic  purposes  other  standard  sizes  arc  found  more 
convenient  For  our  pur|K)se  wc  prefer  to  adopt  a  standani 
size,  which  we  hope  will  be  thoroughly  familiar  to  our 
readers;  and,  therefore,  in  the  following  tal)le  the  resistances 
are  those  of  lylindric  conductors,  each  one  yard  long  and 
one-tenth  of  an  inch  in  diameter.  The  resistances  of  the 
materials  that  are  most  commonly  used  in  electrical  work 
arc  given  in  ohms,  or  fractions  of  an  ohm,  for  pieces  of  this 
size  and  sha|.>c,  When  not  othcrwi.se  spct  ifiwl,  the  tem- 
perature is  o"  C. 

T.\B!J':  VI.     Rksistancks  of  A  ahious  M  vTKRiAr.';. 
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Ke«i<ianco  of  one  ynrd  lenRih    d     ■.  i 

onc^lcnlh  inrh  In  dmmol.r      S",*""^^Jl'» 


Silvrr  (aiincaliiO 

0027  ohm 

!• 

(.'iipiMrr  (haul  <1n»wn) 

•0029    ., 

I-07 

(ioUl  (hinJ  dmwiO 

0038    ., 

••4 

Zinc  .. 

•orol     „ 

37 

rUliniiin     ... 

0162    „ 

60 

lion  (nnneaird) 

0174    .. 

•       6-4 

Till 

•o»i7    .. 

S-K 

Uii<l 

035'     .. 

13-0 

(•crtnun  Silver 

•o?74    >. 

U9 

Malinoid 

•0812     „ 

03-0 

Mercury      

•1700    ,. 

Cirlion  (elcrlric  light) 

7  lo  15  ohmi 

2,600  10  5.500 
1  S;o  lo  2,800 

,,       (crniihilc) ... 

4'i  «"  76      „ 

Wsirr  Willi  35  per  cent,  of 

Siilplnirif  Aciil      . 

22,Ji>n       .. 

8-i  milKom 

Sulphntc  of  Ci>|)f)er 

105.500       ,. 

386      ,. 

Sulphate  of  Zinc    ... 

Iil.300       .. 

44-9              M 

I'liic  Wjtcr  at  |8"C 

6,787  million  ohmi 

2-5  bllllnni 

(;i»»»  (liohriiiun)  «t  fio'  t 

109.000  billion 

)  irillionx 

Cutia  f'crchs  ai  24°  I'. 

.SlI.COO        „ 

;      .. 

Clax.  (ninlUl  6o'r 

I'S  trillion     ,, 

"";■      .1 

KlKinilf  ot  «6"  r. 

505      .- 

xtltxn.  „ 

I  Irv    r... 

F'rnctically  infinite 

Cai.culatiu.\'  of  A'/:s/:>r.hvCf.. 
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It  has  been  already  remarked  that  the  differences  in  the 

electrical  resistance  of  various  materials  are  enormous,  and 

inspection  of  this  table  will  fully  justify   this  remark. 

flndeed,  the  numbers  in  the  lower  part  of  the  table  are  so 

[great,  comjiared  with   those  in  the  upjier,  that  it  is  quite 

impossible  for  the  mind  to  gras))  any  real  idea  of  the  ratio. 

Take  copper  and  gutta-percha  for  instance.     A  yard  of  the 

former,  one-tenth  of  an  inch  in  diameter,  has  a  resistance  of 

tnot  quite  three-thousandths  of  an  ohm,  whilst  the  resistance 

fof  a  piece  of  the  latter  of   the  siime  size  is  nearly  one 

trillion  uhms.     Or  we  may  express  the  relation  in  another 

iway,  by  saying  that  a  copper  wire  of  the  same  resistance 

fand  cross-section  as  the  yard  of  gutta-percha  would  have  a 

length  1,675  million  times  the  mean  distance  from  the  earth 

[_lo  the  sun,  or  a  length  along  which  it  would  take  light  ^7,000 

fears  to  travel. 

On  the  other  hand,  the  range  of  resistance  amongst  the 

rtneials  is  expressed  by  comiiaratively  small  numbers.    Thus, 

mercury,  the  metal  of  highest  resistance  that  we  have  in- 

Lcluded  in  the  table,  has  only  sixty-three  times  the  resistance 

lof  silver.     But  many  liquids,  which  are  usually  regarded  as 

Igood  conductors,  have  a  very  much  higher  resistance  than 

'any  of  the  metals  specified.     Thus,  the  resistance  of  dilute 

sulphuric  acid  is  several  millions  of  times  that  of  copper, 

and    more    than   one    hundred    thousand    times    that   of 

^mercury. 

The  rules  for  calculating  the  resistance  of  any  conductor 

3f  umfonn-rross  section  from  the  values  given  in  the  tabic 

irv  exceedingly  simj)le.     Both  experiment  and  theory  show 

flat  the  resistance  of  any  conductor  is  directly  proportional 

its  length  and  inversely  proportional  to  its  sectional  area. 

I'ut  into  symbols  this  rule  may  be  written — 

ken /is  the  length,  A  the  area  of  cross  section  of  the 
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conductor,  and  f>  is  a  constant  depending  upon  the  nuiterial 
and  llic  units  cm])Ioyed.  If  the  length  be  measured  in 
yards  and  ihc  cross  sectional  area  in  terms  of  the  area  of  a 
circle  one-tenth  of  an  inch  in  diameter,  p  has  the  value 
given  in  the  preceding  table.  In  scientific  work  more 
congruent  units  are  used,  and,  as  a  rule,  /  is  measured  m 
centimetres  and  A  in  square  centimetres.  The  value  of  p 
for  any  material  when  these  units  are  employed  is  usually 
called  its  ipciifu  nshtance. 

Returning  to  our  table,  if  it  is  re(|uired  to  find  the 
resistance  of  a.  metallic  wire  of  any  length  and  liaving  a 
diameter  of  one  tenth  of  an  inch,  all  that  is  required  is  to 
mullif>ly  the  number  given  in  the  table  by  the  itnglh  of  the 
wire  fxprcssed  in  yards.  Thus,  the  resistance  of  a  cop[KT 
wire  of  this  diameter  and  having  a  length  of  i  ,000  yards 
would  lie  If)  ohms.  On  the  other  hand,  in  dealing  with 
wires  of  dlflTcitiit  thicknesses  we  must  remember  that  the 
croxs-scclional  area  varies  as  the  square  of  the  diameter,  and, 
therefore,  to  find  the  resistance  of  a  round  wire  a  yard 
long  anil  of  any  other  diameter,  we  must  liiviJe  the  resistance 
in  the  table  by  the  sifiiare  0/  tht  ifiametfr  expressed  in 
tenl/ii  0/ iin  indi.  Thus,  a  copper  wire  one  yard  long  and 
To'iio^'^  ^f  >"  inch  in  diameter  would  have  a  resistance  of 
J9  ohtns  (/>.,  •ooiQ-r  (,A„)*)-  Resistance  may,  there  - 
be  increase'!  cither  by  increasing  the  length  or  dimiiii 
the  di.iuK'lcr  of  a  conductor,  but  a  relative  change  in  the 
latter  is  much  more  important  than  a  correspontling  change 
in  the  fonncr. 

Ootnbinations  of  Resistances  —  !■  ri.  nitntly.  especially 

111  the  iiM-  of  till-  clcr:lri<  liglil,  II  IS  ni^Tfs.Nary  to  connect 
several  resistances  together  so  a.<i  to  conform  most  readily 
to  the  conditions  under  which  current  can  be  supplied  to 
them.  It  is.  therefore,  useful  to  have  a  general  idea  of  the 
effect  on  the  total  resistance  of  the  various  combinations 
that   may    be  employed.     There  are    in   general  u»e  fv 
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rincipal  methods  of  connecting  conductors  which   an;  to 
supphed  with  currenl  from  the  same  source  ;  these  are 
lown   as   {a)   connections    fi)r    series  ivorking,   and   {b) 
inneclions  for  f'tirallel  or  multiple  ivorking. 

In  series  working  the  conductors  are  placed  one  after 
iie  other  in  the  circuit,  and  the  same  current  flows  through 
ill.  "I'hus  the  end  of  conductor  A  (Fig.  157)  is  joined  to 
he  beginning  of  conductor  B,  and  the  other  end  of  con- 
Juctor  B  to  the  Iieginning  of  conductor  C,  and  so  on  ; 
Anally  the  beginning  x  of  the  first  conductor  and  the  end*" 
of  the  last  one  are  joined  to  the  source  of  supply.  By 
)hm's  law  the  resistanie  of  any  conductor  is  the  ratio  of 
ie  potcnti.il   ililTrn-ni  i-  to  the  current.     Now  a  little  con- 
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Fig.  I  j7. — Conductors  in  Scries. 

lideration  will  show  that  the  potential  difference  of  x  and  y 
nust  lie  the  sum  of  the  potential  differences  at  the  ends  of 
lie  separate  conductors  A,  U,  C,  iScc,  and  it  is  evident  that 
iic  same  current  passes  through  all  the  conductors.  There- 
arc,  the  resistance  of  the  compound  conductor  lying  between 

andv  IS  the  sum  of  the   resistances  of  the  separate  con- 
Juctors  A,  B,  C,  iVc.      I'hus  we  have  the  rule: — Tlte  total 
tsislance  of  any  number  of  amduetors  in  series  is  the  sum 
'  the  resistances  of  the  separate  conductors. 

In  fiaratUl  or  multiple  tvorking  eai  h  of  the  coivhictors 
sed  foruis  a  separate  path  lor  the  current  between  the  two 
jints  which  arc  connected  to  the  source  of  sui)ply.  The 
ystem  is  shown  in  I'ig.  15S,  where  I' .S  and  (^)  T  are  two 
tilcJc  conductors  or  "  leads "  of  inappreciable  resistance, 
»nc  of  which,  P  S,  is  joined  to  the  positive  pole  of  the 

arce  of  supply,  and  the  other,  Q  T,  to  the  negative  pole. 
These  "  leads  "  may  be  regarded  as  representing  the  supply 
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mains  which  are  now  put  down  in  all  important  towns  for 
the  ]iublii:  sujjijly  of  electric  energy.  The  "leads"  are 
connected  by  the  various  conductors  A,  B,  C,  .  .  .,  of  the 
system,  and  these  conductors  are  then  said  to  be  arranged 
"  in  parallel."  Thruugh  each  of  them  there  is  a  conducting 
to  Q,  so  that  if  one  or  more  of  them  be 
removed  the  current  can  still  flow 
through  the  remaining  ones,  This 
system,  besides  being  used  by  supi>Iy 
companies,  is  also  usually  employed 
inside  the  houses  in  domestic  lighting 
with  "glow  "lamps,  as  any  numl)er 
of  lami)S  in  various  parts  of  the  house 
can  be  turned  on  or  oti'  without  stoj)- 
ping  the  current  through  the  other 
tamps.  In  this  case  P  S  and  Q  T 
must  be  taken  to  represent  the  two 
wires  coming  into  the  house  from  the 
street  "  supply  "  mains. 

In  calculating  the  total  resistance 
between  P  and  Q,  we  must  remember 
_AAA/\/W\A— I       that  the  iidilition  of    each    new  con- 
I  *  I      ductor,   however   high    its  individual 

|I  11     resistance  may  be,  offers  a  new  path 

ior  the  current,  and,  ihetcforc.  di- 
minis  Acs  the  total  rcsislancf.  It  is, 
therefore,  simpler  to  deal  with  con- 
Judivitics  r^Uter  than  resistances.  The  conductivity  of  a  con- 
ductor is  the  ruifintcal  of  Us  resistance,  and  may.  therefore, 
be  defined  as  the  nitw  oj  the  electric  cuntiit  to  the  pvttHttat 
difference  that  products  if.  Thus,  if  a  conductor  Iwive 
a  resistance  of  5  ohms,  its  conductivity  is  J  ;  if  its 
resistance  be  yA.ilh  of  an  ohm,  its  conductivity  is  100,  and 
so  on.  No  name  hjis  yet  l)cen  adopted  for  the  unit  of 
conductivity,  though   Lord    Kelvin  has  suggested  the  word 
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MHO  (i.e.,  ohm  spelt  liarkwards).  Now  the  tolal  current 
ssitig  rroni  I'  lo  (J  is  eviilenily  the  sum  of  the  separate 
iirrcnls  almig  the  various  branches  A,  H,  C,  .  .  .  and  the 
jtcntial  difltrence  driving  this  total  current  is  the  same  as 
Sal  which  drives  each  separate  current ;  namely,  the  poten- 
il  difference  between  P  and  (J.  As,  therefore,  the  total 
jndurtivity  is  by  definition  the  ratio  of  the  tolal  current 
the  [)Otential  difference,  we  see  that  Ihe  total  canductivily 
VtioccH  two  ftiinls  joined  by  srotral  cuiiduilors  in  paralltl  is 
pill/  to  the  sum  of  the  (ondiiclivities  of  thi  se[<iirat(  conductors. 
To  express  this  law  in  symbols,  su))[)()se  K  is  the  total 

sistanee  from  P  to  Q,  then   jt   is  the  (oMducfivi'y  .•  and  if 

t  ^  r, . .  .,  be  the  resistances  of  the  separate  conductors, 
be  nbuve  law  leads  to  the  equation  ;— 


I 
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berc  being  as  many  terms  nn  the  right-hand  side  as  there 
^rc  seiarale  condticlnrs. 

Other  systems  are  in  use  kikhvh  iis  nria  f<aralM  systems, 

which  the  conductors  are  partly  in  series  and  partly  in 

irallel,  but  the  (irinriples  and  rules  already  given  can  be 

pplied  to  the  modifications,  the  necessary  changes  being 

Obvious.     Some  of  these  combined  systems  will  be  referred 

in  detail  in  connection  with  the  methods  adopted  for  the 

public  sii]iply  of  electric  energy. 

Arrangements  of  Batteries— Some  of  our  readers 

aay  from  time  lo  time  be  tempted  to  make  experiments  with 

lertric  currents,  vising  ordinary  prmiary  batteries  as  current 

enerafiirs.      It   may  not,  therefore,  be   without  interest  if 

»e  point  out   how  the  preceding  laws  of  conduction  in- 

Ltcncc  the  amount  of  current   that   can   be  sent  through 

l^ivcn  external    circuit  with  a  certain  maximum  number 

cells  available  for  the  purpose.     Or,  tn  put  it  otherwise, 

T 
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we  may  show  how  to  arrange  the  cells  so  as  to  produce  the 
greatest  possible  current  in  the  given  circuit. 

The  rules  which  we  have  just  ^iven  for  the  combinations 
of  resistances  can  also  be  applied  to  batteries,  for  the 
latter  are  also  conductors  having  resistance.  There  is  one 
imjiortant  change,  however,  namely,  that  these  new  con- 
ductors are  seats  of  E.M.F.,  and  that,  therefore,  the  two 
ends  (/.IT.,  the  jwsitive  and  negative  terminals  of  the  cells) 
have  opposite  electrical  proiierties,  This  difference  must 
not  be  lost  sight  of,  but  bearing  it   in  mind  we  may  state 
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Fig.  t}9.— Atr^iigcmcnit  uf  Cells  to  form  lUlKrin. 

generally  that  cells  may  be  joined  up  to  form  a  Iwttcry 
either  (a)  in  series,  or  (/')  in  [mrallcl,  or  (<■)  in  any  com- 
bination of  series  and  parallel. 

The  mcihotls  of  doing  this  may  be  made  clear  by  an 
msjiertion  of  Fig  159.  A  represents  a  battery  of  four 
cells  joined  up  in  "scries,"  that  is,  the  negative  tenninal 
of  one  cell  is  joined  to  the  positive  terminal  o(  the  next, 
the  negative  of  this  see  ond  cell  to  the  positive  of  the  next, 
and  so  on.  The  terminals  of  the  completed  batter-  ■■'•• 
the  positive  terminal  of  the  first  cell  and  the  n 
terminal  of  the  last. 
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In  B  we  liave  represented  llic  nieiliod  of  joining  ii|)  the 

>ur  cells  in  "  parallel."     Hcri.-  a//  llic  positive  terminals  are 

ained  together  by  wires,  and  a  point  on  any  of  these  wires 

Hay  be  taken  as  the  positive  terminal  of  the  completed 

ittery.     Similarly   all  the  ne^tive   terminals   are    joined 

Bgether  by  another  set  of  wires,  any  point  of  which  may 

taken  as  the  negative  terminal  of  the  battery. 

Lastly,  in  C  we  have  a  representation  of  six  cells  joined 

up    partly    in    series    and    partly    in    pwirallel.      In    this 

rangement  the  cells  are  first  divided  into  two  groups  of 

dree  each,   tfie  cells  in  each    group  being  joined  up  in 

tries  similarly  to  A,  as  already  explained.     The  positive 

linals  of  the  two  groups  are  then  joined  together,  and 

>rm  the  positive  terminal  of  the  complete  battery,  and  the 

ie(,'aiive  terminals  arc  joined  to  form  the  negative  terminal 

^f  the  batter)'.     The  cells  are  then  said  to  be  joined  up 

'  three  in  series  and  two  parallel."     The  six  cells  might  also 

ive  been  joined  up  "  two  in  series  and  three  parallel," 

[>d   with  a  greater  number  of  cells  other  arrangements 

[)uld   be  possible.     One  precaution   only  is   necessary, 

id  thai  is  that  the  number  of  cells  in  each  "  series  "  row 

kould  be  the  same  throughout  the  battery. 

For  brevity  in  drawing  diagrams  there  is  a  conventional 
acthod  of  re|)rescnting  cells  and  batteries,  which  is  depicted 
Fig.  1 60  for  the  above  three  groups,  .\,  B,  and  C,  of  Fig.  1 5<). 
lis  consists  in  representing  a  single  cell  by  two  lines,  one 
>ng  and  thin  and  the  other  short  and  thick.  The  first  of 
se,  the  long  thin  line,  is  taken  to  represent  the  plate  in 
>nnection  with  the  positive  terminal,  whilst  the  short  tiiick 
nc  represents  the  plate  connected  to  the  negative  terminal, 
comparison  of  Figs.  160  and  159  will  show  that,  adopting 
iiit  convention,  the  corresponding  parts  of  the  two  figures 
present  the  .same  grouping  of  cells.  It  may  be  remarked 
liat,  in  accordance  with  the  convention,  the  current  in 
Ji  case  shdwn  in  Fig.  I'io  will  (hiw  ili'iiugh  an  external 
T   2 
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circuit  trom-  the  wire  on   the  left-hand  side  to  tlie  wire  on 
the  right-hand  side. 

Hut  how  do  these  different  arran},'cments  affect  the 
current  in  an  external  circuit?  'I'his  current  we  know 
is  given  by  the  ratio  of  the  total  cjftcth<t  electromotive 
force  to  the  total  resistance.  'I'lie  total  resistance  in  any 
given  case  is  made  up  of  two  principal  parts,  namelyi 
the  resistance  of  the  external  circuit  and  the  internal 
resistance  of  the  battery.  With  the  former  we  are 
not  concerned,   for  it  is  supposed   to    be   fixed   by  con- 


Fig.  i6a  — Conventtonal  R«prcsenuitoa  of  Balteric*. 


sidcrations  olhct  than  tho.sc  wc  are  now  dealing  with. 
But,  from  what  we  have  just  said  about  combinations  of 
resistances,  it  is  obvious  that  the  internal  rcsistam.'e  of  the 
battery  dei>ends  upon  the  grouping  of  the  component  cells. 
If  these  cells  arc  in  "  series,"  then  the  internal  resisianrr, 
according  to  the  rule  given,  is  equal  to  the  sim>  of  the 
resistances  of  the  separate  cells.  But  if  the  cells  arc  in 
"  parallel  "  and  of  uniformly  equal  resistance,  the  rule  for  a 
parallel  combination  shows  th;it  the  internal  resistance  of 
the  battery  is  equal  lo  the  resistance  of  a  single  cell  Jivida 
by  the  uunUxr  of  cells.  Lastly,  if  the  cells  are  partly 
series  and  partly  in  parallel,  the  internal  resitlnnix'  is  fc 
by  dividing  the  resistance  of  a  single  row  of  cells  by  ll>e" 
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number  of  rows  in  parallel.  Did  we  lher>  only  consider 
11;  resistance  of  the  Ijattery,  we  should  always  join  the 
tils  in  parallel,  as  this  would  give  us  the  least  resistance 
Br  the  complete  circuit,  and,  therefore,  (itteris  paribus,  the 
itest  current. 

But  the  current  depends  not  only  on  resistance,  but  also, 
~and  directly,  upon  the  effective  electromotive  force  Now 
_it  is  easy  to  show  ihnt  this  effective  E.M.F.  depends  on 
lie  arrangement  of  the  cells.  Take  first  the  "  series " 
Arrangement,  We  have  seen  (page  42)  that  the  electric 
}tential  of  the  positive  terminal  of  a  cell  is  always  higher 
urn  that  of  the  negative,  so  that  when  the  two  are  joined 
py  a  wire  an  electric  current  flows  from  the  first  to  the 
cond.  Now  in  a  series  arrangement  (A,  Fig.  160)  the 
Dtential  of  the  positive  terminal  of  the  first  cell  is  higher 
llan  that  of  its  negative  terminal.  But  the  latter  is 
ctrically  the  i>ositive  terminal  of  the  second  cell,  and  has 
be  same  potential  as  this  positive  tcnninal,  which  in  its 
jrn  has  a  higher  potential  than  the  negative  of  No.  a  cell, 
therefore,  the  potential  diflTerence  (P-D.)  of  the  positive  of 
3.  T  and  the  negative  of  No.  j  is  ef|ual  to  the  sum  of  the 
.D.'sof  the  terminals  of  No.  i  and  No.  2  taken  se|)arately. 
rocceding  in  the  same  way,  it  can  be  shown  ihai  the  I'.D. 
the  positive  terminal  of  the  first  cell  and  the  negative 
the  lost,  in  a  series  arrangement,  is  the  sum  of  the 
MJ.'s  of  all  the  cells  joined  up.  The  same  re.isoning 
It  applies  to  I'.D.'s  can  he  used  for  E.M  I'.'s,  and,  thcre- 
r,  the  effective  E.  M.  K.  of  a  row  of  cells  in  scries  is  equal 
the  sum  of  the  separate  li.M.F.'s  of  each  cell.  Thus, 
though  the  joining  up  of  cells  in  series  increases  the 
^ternal  resistance  of  the  battery,  it  also  increases  the 
Bcctive  E.MF.,  and,  therefore,  in  certain  circumstances 
»y  be  advantageous. 
Consider  now  the  effect  of  a  "  parallel  "  grouping  on 
effective    K.M.I''.       In    B,    Fig.    160,  all    the    positive 
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terminals  are  metallically  joined  together,  and  are  there 
fore  all  at  the  same  potential ;  similarly,  all  the  negative 
terminals  are  at  the  same  potential.  Thus,  the  |)Olcntial 
difierence  between  the  positive  and  negative  terminals  can 
only  be  that  of  a  single  cell,  and  the  same  may  be  said 
of  the  eflfective  HM.F.  Therefore,  the  joining  of  cells  in 
"  parallel,"  although  it  reduces  the  internal  resistance,  gives 
us  a  combination  which  has  only  the  effeclive  F^.M.F.  of  a 
single  cell,  and  so  far  as  E.M.F.  is  concerned  is  not  as 
advantageous  as  a  "  series"  grouping. 

Lastly,  in  a  combination  of  series  and  p;irdllel  a  little 
consideration  will  show  that  the  effective  E.M.F.  is  that 
of  one  of  the  series  rows  taken  by  itself.  Thus,  in  C, 
Fig.  160,  the  effective  E.M.F.  of  the  six  cells  is  only  the 
sum  of  the  separate  E.M.F.'s  of  three  cells. 

Since  then  "  parallel "  grouping,  or  an  approach  to 
parallel  grouping,  not  only  diminishes  the  resistance,  but 
also  the  effective  F),M.F.,  how  can  we  decide  what  grou|iing 
to  adopt  in  any  given  case  ?  Fortunately,  the  rule  is  a 
very  simple  one,  although  we  cannot  give  here  the 
mathematical  proof  of  it.  It  is  this  : — So  group  the  cells 
thai  ///<•  internal  mhtoHit  is  as  neiirfy  as  ptyssihte  ojimI  to 
the  external  rcsistame.  In  practice  this  rule  leads  to  the 
conclusion  that  when  the  external  resistance  is  very  high 
the  cells  should  Ih:  joined  in  series,  when  it  is  very  low 
they  should  be  joined  in  i)arallcl,  and  when  it  is  intermediate 
a  calculation  should  be  made  in  accortlance  with  the  rule 
to  find  out  what  grouping  is  best.  When  this  rule  is 
followed,  there  is  obtained  through  the  given  external  <  ircuit 
the  miiximnm  current  which  the  cells  available  will  furnish. 

Loss  of  Pressure  inside  a  Current  Generator. 

In  the  foicgoing  we  have  inferrctl  that  there  is  a  •  1 

l)ctwccn  the  electromotive  force  (^K.  M.F.)of  a  I"  ,  I 
lite  potential  difference  (P.D.)  of  its  terminals.  Wc  wish 
niiw   to  point  out   briefly   Imw   the  distinrtioii    arisen. 
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apter  III.  of  Part  I.  we  have  shown  that  the  E.M.F.  of 
cell  depends  on  the  chemical  properties  of  its  various 
omponent  jKirts.  This  E.M.F.  is  the  total  effective 
pressure  available  for  driving  a  current  round  any  circuit 
of  which  the  cell  forms  a  i)art.  But  the  cell  itself  is 
fonned  of  conductors  through  which  the  current  must 
necessarily  flow,  and  which  like  ail  other  conductors 
possess  definite  electrical  resistances.  'l"he  driving  of  the 
current  through  these  resistances,  therefore,  uses  up  some 
of  the  total  electric  pressure,  and  the  actual  loss  so  caused 
jcan  be  calculated,  by  Ohm's  law,  as  the  product  of  the 
current  into  the  resistance.  The  pressure  available  for 
driving  the  current  round  the  external  part  of  tlie  circuit 
is,  therefore,  less  than  the  E.  M.  F.  by  these  "  lost  volts,"  as 
they  may  be  called,  and  it  is  to  this  iwciilabU  pressure  that 
the  krm  P.D  is  applied.  A  little  consideration  will  show 
that  if  the  E.M.F.  be  constant  the  P.D.  depends  on  the 
current  and  the  internal  resistance,  and  if  the  latter  be  also 
onstant  the  P.D.  falls  as  the  current  rises.  Put  into 
mathematical  shape  the  relation  is  expressed  by  the  simple 
cqu.ition — 

V  =  E  -  ^  C 

here  E  and  V  are  respectively  the  E.M.F.  and  the  P.D,,  C 

s  the  current  and  l>  is  the  internal  resistance  of  the  battery. 

If  the  current  be  zero,  that  is  if  the  battery  be  an  open 

ircuil,  the  potential  difference  of  the  terminals  is    equal 

;o  the    electromotive  force,  but  whenever  the  battery    is 

generating  a  current  the  P.D.  falls  short  of  the  E.M.F.  by 

the  number  of  volts  obtained  by  multij)lying  the  current  by 

ithe  internal  resistance. 

The   alKjve   remarks   apply  to   all  current   generators, 

iWhelhcrthey  be  l)atteries,dynamos,or  thermopiles.  The.se  all 

avc  jcwf  internal  resistance,  and  the  available  P.D.  is  always 

CSS  than  the  full  E.M.F.  set  up,  by  an  araouiH  equal  tn  tlie 

roduct  of  tJie  current  into  this  internal  resistance. 
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LAWS  OF   CHEMICAL  AND   THERMAL   ACTION. 

'I'liK  law  which  regulates  ihc  tlow  of  a  steady  curreiu  in 
a  conductor  having  heen  cxplairicd,  we  turn  next  to  the 
laws  governing  those  effects  by  which  the  [iresence  of  .*uchj 
u  current  is  recognised,  and  in  the  present  chapter  shall 
consider  from  this  point  of  view  the  chemical  and  tbcrnul 
effects, 

1.  Laws   of  Chemical   Action. 

Tile  "  chemical  "  elTtci  or  action  of  the  electric  current 
lu»  been  frequently  referred  to  and  discussed  in  the  preced- 
ing lages ;  and  now,  after  dwelling  more  in  detail  on  the 
fundamental  plienomena,  the  beautifully  simple  quantitative 
laws  which  underlie  that  action  will  be  considered.  On 
page  1 8  wc  have  described  the  chemical  etTect  tnanifeiited 
when  nn  electric  current  traverses  a  conductor  in  Ujcse 
words  :--"//  the  nmductor  he  a  li(/iiiJ  which  is  a  (h^miitil 
nimpiiund  of  a  ccr/uin  c/ass  called  ELECTRO  I.  YIES,  Iht^ 
/i(/nid  K>iU  ft  decomposed  at  the  places  wlttrt  the  current  enlert 
and  leiwes  it," 

In  this  brief  de.srription  two  nr  three  points  should  be 
carefully  noted,     lirst  of  all,  the  condiiilor  is  to  be  a  tiiftitd.. 
So  far  e\perimcnl  has  not  discovered  any  indication  of  the  ' 
chemicvl     action    of    the  ■  current    iji    solid    condncton. 
Secondly,  the  liijuid  must  be  a  conductor.     A  c  to 

the   values  of  tl>e  resibtarues  of   liijuids  on  ,  mil 

show  that  Konic  li'iuids.  are  for  all  practical  purfKXHo  uon- 
rondu<aor»  or  in.sulatorK.     Amongst  Ihc  most  common  wc 
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cite  petroleum,  turpentine,  most  mineral  oils  and  pure 

»teT ;  in  these  no  chemical  eflfect    is  observed,  probably 

ecause  even  with   large  potential  differences  the  current 

which  |>asses  is  mtinitesimal.     Again,  the  liquid  conductor 

to  be  a  chemical  compound.     This  condition  excludes  from 

lie  list    all    liquid    conductors   that    are    elements,  more 

s|K;cujlly    mercury    and   molten    metals,   and    the    further 

)ndiiiun  iliat  it  is    to  be  an   electrolyte    excludes    li(|uid 

illoys  of  the  metals  through  which  the  current  is  conducted 

through  solid  conductors.     Lastly,  it  should  be  carefully 

>led  that  the  evidence  of  chemical  action  is  only  to  be 

found  at  "///<•  places  w/terc  lite  current  enters  and  leaves" 

tie  liquid  conductor. 

It    has    been  already  mentioned  (page    15)  that  the 
lecomposition  of  water   by  the  electric  current   was  dis- 
avered  in  1800  by  Nicholson  and  Carlisle,  and  that  Davy 
1807  used  this  new  method  of  analysis  in  his  researches 
the  composition  of  the  alkalies,  during  which  he  dis- 
3vered  and  isolated  the  metals  potassium  and  sodium. 

Notwithstanding  this  striking  instance  of  the  value  of 
Sic  new  method  of  analysis,  the  quantitative  laws  were  not 
liscovered  and  formulated  until  1833,  when  Faraday  in 
scries  of  brilliant  e\|ieriments  revealed  them  in  all  their 
limplicity  and  beauty.  Previously  the  ([ualitative  action, 
only,  was  known  in  a  few  typical  cases.  The  most  familiar 
^one  was  that  in  which  acidulated  water  was  decomposed 
in  an  apparatus  of  which  Fig.  161  shows  a  modern  form. 
It  consists  essentially  of  two  platinum  plates,  1'  and  P', 
oimer&ed  in  a  vessel  containing  acidulated  water ;  the 
culiar  sha[)c  given  to  the  containing  vessel  is  solely  for 
he  purpose  of  more  easily  collecting  the  gaseous  [)roducts 
decomposition  which  are  set  free  at  these  plates.  There 
two  side  tubes,  SO  and  S'H,  connected  at  the  bottom 
^y  a  short  cross  tul)c,  P  P',  from  the  centre  of  which  rises 
longci  open  tube  tcrminatmg  m  a  large  bulb.      The  side 
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tubes  have  stop-cocks,  S  and  S',  at  their  upper  ends,  and 
with  the  central  tube  are  usually  graduated  so  that  the 
contained  volumes  may  be  read  off.  The  plates  P  and  F 
are  joined  to  the  external  binding  screws  T  and  T'  by 
platinum  wires  which  are  sealed  through 
the  glass.  If  ni>\v  with  the  two  side 
tubes  full  of  acidulated  water  a  current 
be  passed  through  the  apparatus  from 
T  til  T',  bubbles  of  gas  will  a])pear  on 
the  two  plates,  and  as  they  at  cumulate 
will  become  detached  and  tloat  to  the 
111  surface  of  the  liquid  in  the  resi^ective 

Sjffft    lA.  tubes  ;  the  li<)uid  will  be  driven  by  the 

i—^Tr''^      pressure   of  these    gases   out   of   the 
side  tubes  into   the  central  one,  in 
which  the  level  of  the  liquid  will  rise. 
After  some  little  time  ii  will  be  noticed 
that  the  ([uantity  of  gas  evolved  fronij 
Pis  only  about  one-half  of  that  liberated 
at  P",  and  it  can  be  easily  shown  that! 
the   two  gases  are  fcs|K.'<livcly  oxygen 
and     hydrogen,    the    constituents    d 
water.     Thus,  if  the   stop-cock  S  1> 
partially    opened,    the    gas  O  will 
driven    out    by    the    pressure    of  th< 
liiiuid,    and   if  a  glowing    splinter   Ix 
held    in    the    issuing    gas    it    will 
ignited,    indi<'ating     the    presence 
oxygen     gas.        -Again,     if    the    stop 
cock  S'  be  of>cned  and  the  issuing  gas   Fl  ignited,   it  wilj 
bum  with  the  pnle-bluish   flame  characteristic  of  hydrugc 
gas,  anil  the  water  formed  by  combustion  can  \yc  condense 
on  a  cold  plate  held  over  the  flame. 

The  above  experiment    may  be  regarilcd  as  a  fuiui 
mental  one.  fully  illustrative  of  the  chemical     ■  •••— 


Flfr  ifti.  -Hoffmann*! 
Voltiimeici, 
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cuirenl,  and  will  be  useful  for  introducing  the  special 
nomenclature  connected  with  this  subject.  This  nomen- 
clature was  devised  b)'  Faraday,  and  is  an  exceedingly 
ingenious  and  convenient  one.  The  pr(x:ess  of  decom- 
position by  means  of  the  electric  curreiu  he  tailed  electric 
analysis,  or,  for  brevity,  electrolysis,  and  the  li((uid  that 
omposed  the  electrolyte.  The  solid  conductors  P 
P',  by  which  the  iiirrenl  enters  and  leaves  the  liquid, 
he  called  electrodes  (or  electric  paths'),  the  one  by  which  it 
enters  being  for  distinction  called  the  anode-  (ujvpath)  and 
that  by  which  it  leaves  the  kathode  '  (down-iiath).  Tlie 
products  of  the  electrolysis  he  called  ions  (the  things  which 
go '),  that  which  appears  at  tiie  anode  being  the  anion,  and 
the  one  which  appears  at  the  kathode,  the  kation.  The  com- 
plete apparatus  F'araday  called  a  VoUa-eleclrometer,  or,  more 
shortly,  a  Voltameter,  in  honour  of  \olta,  whose  discoveries 
form  the  starting-point  of  the  science  of  current  electricity. 

Secondary  Actions.— It  will  be  noticed  that  the 
li(|uid  used  in  the  \"oUameter  described  on  page  297  is 
sj)ccifieil  as  luidulated  water,  and  not  pure  water  ;  the  latter, 
as  we  have  seen,  has  such  a  high  resistance  as  to  be  almost 
an  insulator,  but  the  addition  of  a  very  small  quantity  of 
sulphuric  acid  reduces  its  resistance  considerably,  and 
enables  a  moderate  P.D.  to  drive  a  good  current  through  it. 
The  part  played  by  the  sulphuric  acid  is  still  somewhat 
obscure  :  it  may  merely  render  the  water  conductive,  thus 
allowing  the  current  to  pass  and  decompose  the  water  at 
the  electrodes  ;  in  which  case  the  chemical  action  would  be 
represented  by  the  single  equation  : — 
H,0-  M.  +  O. 

or  Water  yitUlt  Hydrvgtn  and  Oaygcn. 


'  (JrecV,  irw,  H/iu-arth. 

'  Greek,  aori,  Jt'nmwarji. 

•  Gfcelt,  iif.  Mil/  u'liuh  gots  (Neuter  I'arliciple). 
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Hut  ii  is  more  than  probable  that  the  sulphuric  acid  is 
directly  electrolysed,  and  that  the  oxygen  evolved  is  a 
product  of  a  purely  chemical  action,  taking  place  sub- 
sequently to  the  electric  action.  According  to  this  view  we 
should  express  the  action  by  the  equations  : — 


ntid 


II.SO.  =  H,  +  SO,, 

Sulphuric  Aad  jriVZ/i  Myilru)£en  aud  Sulphiun. 

SO,-|-H.O-H.SO,+0, 

Sulphioii  and  VIxtcr  yULi  Sulphuric  Acid  and  Orygen, 


The  first  equation  shows  the  reaction  due  to  the  electric 
current,  which  splits  up  the  sulphuric  acid  into  hydrogen 
gas  and  a  compound  known  as  sulphiun,  which  cannot  exist  by 
itseirinthe  presence  of  water,  from  which  ittakesthe  hydrogen, 
to  re-form  sulphuric  acid,  and  sets  free  the  oxygen ;  the  latter 
prolwbly  being  a  purely  chemical  reaction  uninfluenced  by 
the  current.  In  whatever  way  we  regard  the  mode  of  action, 
the  final  result  is  the  same,  namely,  that  hydrogen  and 
oxygen  are  set  free  in  the  proportions  in  which  they  are  com- 
Itined  to  form  water.  We  shall  consider  presently  how  it  is 
they  apjiear  at  places  so  far  apart  as  the  electrode!*.  Subse- 
quent chemical  actions,  such  as  arc  referred  to  above,  often 
accompany  electrolysis  ;  they  are  kno«vn  as  stcondiiry  actions, 
and  in  consequence  of  them  the  products  ap|)earing  at  the 
electrodes  arc  not  always  the  true  ions  produced  by  ll>e 
direct  action  of  the  current.  More  especially  if  electrodes 
arc  used  which  arc  acted  on  by  the  liberated  ions  or  by  the 
electrolyte,  the  true  clfecls  of  the  current  are  masked  ;  hence 
the  reason  for  employing  inert  platinum  plates  in  a  water 
voltameter. 

Ordinary  hydrogen  and  oxygen  unite  to  form  water  in 
the  pro[>ortion  of  two  volumes  of  hydrogen  to  one  volunlc 
of  oxygen,  and  hence  in  the  voltameter  the  tube  over  the 
kathode  will  be  found  to  contain  about  twice  as  much  gas 
as  the  one  over  the  anode.      The  proportion  is  not  quit 
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cxai't,  because  of  the  (liferent  soluliililies  of  the  two  gases 
in  water,  and  also  betatisc  some  no/if,  whif h  is  a  dcnso 
form  of  oxygen,  is  usually  proihiceil  at  the  anode. 

The   hydrogen  or  mdallir  element    is   the   one   which 

appears    at    the    kathode    or     plate     connected     to     the 

negati%-e   pole  of   the  battery ;    in  other  words,  the  metal 

hydrogen    behaves    as   if    it    travelled    with    the   eurrcnt. 

Similarly,   when    other    com|K)unds    are    electrolysed    the 

metallic  part  travels  with  the  current  and  appears  at  the 

kathode.     For  instance,  if  the  electrolyte  be  copper  sulphate 

[solution,  or  fused  tin  chloride,  or  fused  fwtash,  the  metals 

■copper,  or  tin,  or  potassium  are  set  free  at  the  kathode. 

[Hence  the  direction  of  the  current  may  be  defined  as  that  in 

jvrhich  the  metallic  ion  travels  in  a  vollaineler.     It  is  often 

[convenient  to  remember  this  simple  rule,  which  is  a[ipliLal)le 

not  only  to  voltameters  but  also  to  secondary  and  primary 

batteries,  giving  rise  in  the  latter,  as  we  have  seen,  to  the 

polarisation  troubles  at  the  negative  plate,  whirh  corresjwnds 

to  the  kathode  of  the  voltameter.     Thus  we  get  a  deeper 

insight  into  the  universality  of  the  simple  laws  under  which 

nature  works,  and  the  applicability  of  those  laws  to  cases  at 

first  sight  widely  different  and  sometimes  apiiarenlly  contra- 

Idictory  to  those  in  which  the  laws  are  most  familiar  to  us. 

Turning  now  to  the  anode,  we  find  that  the  element  or 
[romiJound  radical  which  appears  there  lielongs  to  that  class 
[of  bodies  which  chemists  regard  as  non-metals,  or  bodies 
[  whose  properties  are  analogous  to  the  non-metals.  One  of 
[these  properties  is  a  chemical  affinity,  as  it  is  called,  for  the 
[metals.  The  more  important  of  these  electro-negative 
[bodies,  or  anions,  are  oxygen,  chlorine,  bromine,  iodine, 
[cyanogen  (CN),  sulphion  (SOJ,  etc.  As  ions  Ihcy  travel 
[against  the  conventional  direction  of  the  current,  and  appear 
[at  that  i)oint  where  it  enters  the  liquid,  either  in  a  volta- 
meter or  in  a  galvanic  cell.  Thus,  in  a  cell  with  zinc  as  the 
]>ontirc  element  and  dilute  sulphuric  acid  as  the  exciting 
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Ii(|uid,  we  have  the  current  flowing  into  ihe  liquid  from  the 
zinc,  and  therefore  eleclrolyti<  ally  oxygen  or  sulphion  i: 
scpjuated  at  the  zinc  plate,  and  at  once  combines  with  ih 
zinc,  setting  free  the  chemical   energy  which,  as  alread 
explained  (]wgc  38),  re-appears  as  the  energy  of  the  current. 
Now  it  may  appear  contradictory  to  say  in  one  place 
that  it  is  the  dissolution  of  the  zinc  which  gives  rise  to  the 
current,  and  in  another  that  the  flow  of  the  current  causci 
the  dissolution  of  the  zinc.     The  fact  is  that  we  are  heri 
dealing  with  the  actions  of  inoUcttUs,  if  not  of  atoms,  and 
our  limited  senses  are  quite  unable  to  observe  the  actions  ofc 
individu.1l  molecules.     To  us  all  the  phenomena  describ 
seem  to  lake  place  simultaneously,  and   it   would   almos 
appear  as  if  it  would  be  impossible  to  discover  the  cxaci 
order  until  we  can  make  observations  on  single  molecules 
for  the  present  we  con  but  speculate  upon  it. 


Faraday's   Laws  of   Electrolvsis. 

The   main   quantitative    laws    of    Electrolysis,  or    thi 
chemical  action  of  the  electric  current  as  enunciated  afte^ 
laborious  investigation  by  Faraday,  are  exceedingly  simple 
His  general  statement,  which  includes  explicitly  or  implicitl| 
the    various    laws,    is    thus   given    in    his   "  Experiment 
Researches"':— "/V/-    a    (onstant    i/unnHty    of  eiAtridtj^ 
7vhatfV<r  Ihe  drcomfiosinf;  conductor  way  he,  v>hither  xvattP 
Sit  line  iol lit  ions,  acids, /used  bodies,  etc.,  Ihe  amount  0/  fiectm 
themical  action  is  also  a  constant  quantity,  i.t.y  would  alway\ 
be  ei/ui7'a/ent  to  a  standard  chemical  effect  founded  ufoi 
ordinary  chemical  affinity."     Before  considering  this  state 
mcnt  in  detail  a  few  preliminary  remarks  may  be  advisable. 

In  t.itlving  about  "polarisation"  (pp.  43  to  49)  we  hav^ 
already  referred  to  some  of  the  chemical  laws  which  rcguUli 
the  combinations  of  various  elements  to  form  compound 

'  Series  V.,  p4r.  505  <Jun«,  1833). 
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^or  the  present  purpose  the  most  i(ni)ortant  of  these  is  the 
seautifullaw  o{  cliemiotl  ei/uivaldits.  according  lo  which  each 
Element  in  comhining  with  other  elements  dues  so  indefinite 
mmeriral   proportions.     Thus   sodium   in    combining  with 
chlorine  to  form  common   salt  does  not  enter  into  com- 
bination  in   a   haphazard    way,    any    amount    of   sodium 
entering  into  rombmation    with    any   amount  of  chlorine 
which  happens  to  be  present.     ( )n  the  contrary,  it  is  found 
46  parts  of  sodium  by  weight  always  combine  with 
J71    parts  of  chlorine,  no  more  and  no   less.     If  there  is 
30  much  sodium  or  too  much  chlorine  for  this  proportion, 
[some  of  the  element  which  is  in  excess  remains  uncoinbined. 
Similarly  46  parts  by  weight  of  sodium  always  combine 
with   if)  of  oxygen  to  form  the  oxide  of  sodium,  and   16 
Liiarts  of  oxygen  combine  with  2  of  hydrogen  to  form  water. 
To   the   accurate    determination    of    these    equivalent 
numbers,    or    "equivalents,"    chemists    have    devoted    an 
.enormous   amount   of   labour  and  care.      The  results    for 
[various   metals   have    been    already   given   in    the   second 
Icolumns  of  the  three  tables  on  heats  of  combination  (pages 
[45  (t  sei/.) ;  in  those  columns  the  numbers  are  the  weights  of 
I  the  various  metals  which  combine  with  or  are  equivalent  to 
16  grams  of  oxygen.      Referring   to   Faraday's  statement, 
[they  arc  the  weights  of  the  various  metals,  "  founded  upon 
[ordinary  chemical  affinity,"  which  enter  into  any  electro- 
chemical action  in  which  16  grams  of  oxygen  play  a  part. 

This    action     Faraday's    statement    atTirms    is    always 

brought  about  by  a  "  constant  quantity  of  electricity, "  and 

it  is  obvious  th.at  such  a  constant  cjuantity  of  electricity 

I  ruiglit  be  taken  as  the  unit  (/uan/iiy  for  measuring  other 

■  {iiantities  of  electricity.     A  unit  of  this  kind  would  be  the 

Imost  natural  from  the  point  of  view  of  cle<-trolytic  action. 

Unfortunately  for  simplicity  in  electrolytic  calculation,  the 

\unil  quanlily  of  electricity  is  dependent  on  the  definition  of 

[the  unit  (urrtnt  (unit  quantity  per  second),  and  the  latter  is 
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most  conveniently  dellned  by  its  magnetic  artion,  ^iven  suti- 
sci|nunlly  (page  .>7J).  'I'hc  amount  of  oxygen  produced  in 
.•I  water  voltaineler  by  the  corresjionding  unit  ipiaHtity  (/>., 
unit  rurrenl  flowing  for  one  second)  is  neither  i6  grams  nor 
I  Kf^'"'  but  o'ooooSzS  gram.  This  last  number  is  railed 
the  (kilro-chanical  (ijuh'alcnt  of  oxygen,  anil  the  nuniliers 
for  all  the  other  elements  have  to  be  altered  to  correspond 
with  it.  Thus  we  have  two  sets  of  numbers,  (i)  the 
ordinary  ajuivaUiils  used  by  chemists,  which  are  sim[)ly 
ratios:  and  (a)  the  eUilro-dttmU-al  fi/iiiva/eM(s,  which  have 
the  s;ime  ratios  to  one  another  as  the  first  set,  but  arc 
definitf  wdghts,  giving  the  actual  amount  of  the  element 
cither  set  free  or  entering  into  combination  during  the 
passage  of  one  COUlomb  (the  unit  quantity)  of  electricity^ 
Tliese  numl)ers  are  set  forth  in  the  following  table  : — 
Tahi.i^  VII. — Ki.ECTRncHEMicAi.  P>i>i;!VALfc;s rs. 


Chemical 

EI«ctro  Chemical 

KIcmcnI. 

Eqllivalc!tt. 

1 

Kqiilv 
•00.101058 

alcnu 

H)ilrii|»fii 

gmmmc 

^f*/>'»)^r«' 

93 

'ooao|8t 

„ 

O.tyxfii    . 

l6 

■OCC0828 

■. 

AUiininium 

i.S 

•0000932 

MdCnrsiiini 

24 

0001243 

<:alciuiii 

40 

■00O2C7O 

S<iil(iini 

46 

•0002  jS 

Irtiti  (fciitiUK. 

56 

•00028<) 

„     (f.rtic) 

37  3 

•00OI9J 

Colwlt 

59 

•000  J05 

Nickel 

S9 

•ooojos 

Cop|)Ct 

6.1 

•000  J  26 

Zinc 

6s  S 

•000  J  J4 

Chimin. 

•07 

•000366 

I'lilaitiiliiiii 

78 

•000404 

Tin 

n.s 

•000611 

Pmmine  ... 

'59 '5 

•l«0tl2i 

Mercury  (mercuric) 

300 

-OOICM 

.,        (mrteurou'<) 

400 

-00208 

Loul       

J07 

•00107 

Silw      

ai6 

•001 118 

Mini 

253 

00130 

*  Tht  njnie»  piiuirO    in   kullc^ 

iii(lKal>  noiimtUlUt 

[  u>  rJh'i^wWM^x*  la<w» 
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Conversely,  any  of  the  numbers  in  the  last  column  of 
is  table  may  be  taken  to  form  the  basis  of  a  definition 

the  unit  quantity  of  electricity,  and,  therefore,  of  unit 

rrent ;  and  such  a  definition  is  in  practice  more  convenient 

the  electro  magnetic  one  to  be  given   presently.     In 

I,  it  is  of  such  practical  convenience  that  it  is  one  of 
c  definitions  adopted  by  the  Board  of  Trade  in  dealing 
ith  electrical  units.     It  may  be  stated  thus  :— 

Definition  of  Unit  Electric  Current.— ^4  cm  rent 

one  ampere  is  the  steady  current  ichich,  when  passed 

through   a   silver  voltamfttr,^  deposit i  silver  at  the  rate  of 

o"oot  tiS  o/  a  gramme  per  second.     To  this  we  may  atld  : — 

Definition  of  Unit  Quantity  of  Electricity.— C«f 

fOUlomb  n   that  qtiiiHttty  vj  eUcli  icily  which,  passing  in 
definite  direction  through    a    silver   voltameter^  deposits 
o-ooi  \\%  of  a  gramme  of  silver. 

The  second  definition  is  simpler  than  the  first,  and  is 
lie  one  led  up  to  directly  by  electrolytic  laws  ;  for  the 
lount  of  chemical  action  in  a  voltameter  depends  only  on 
Ihc  total  <iuantity  of  electricity  that  passes  through,  and  not 
at  all  upon  the  time.  Thus  a  voltameter  cin  only  measure 
iurrents  when  they  are  steady  for  a  sufficiently  long  time  ; 
^^>ut  however  fluctuating  a  current  may  be  (provided  it  is 
^^bevcr  reversed),  a  suitable  voltameter  placed  in  the  cuirent 
^B^ill  measure  the  total  number  of  coiiloml's  of  electricity 
^Hptat  have  passed. 

^H  We  can  now  restate  Faraday's  laws  in  a  more  detailed 
^Hbrm,  which  we  th^lk  our  readers  will  be  able  to  follow 
^fltore  easily  : — 

Law   I. — The  quantity  of  an  ion  liberated  in  a  given 
time  IS  proportional  to  the  total  (juantity  of  electricity  that 
_has  passed  through  the  voltameter  in  that  time. 
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Law    II. —  The    quantity    of   an    ion    libcratcil    tn    al 
voltameter  is  proportional  to  the  electro-chemical  equivalent 
of  the  ion. 

Law  m. — The  quantity  of  an  ion  liberated 
tf/ual  to  the  electro-cheniical  einiivalent  of  the  ion  multt 
I)licd  by  the  total  quantity  of  electricity  that  has  (la^ed 
through  the  voltameter. 

We   must   not  leave   this  part  of  the  subject  withou 
pointing  out  that  all  details  connected  with  the  dimensions 
of  the  ai)paratus  are  omitted  in  the  above  statement  of  th« 
laws ;  indeed  it  is  the  possibility  of  omitting  these  dctaib 
that  constitutes   their  simplicity,  and   the  greater  jian 
Karaday's  work  was  directed  to  proving  that  wide  variatior 
in  these  omitted  details  had  no  effect  on  the  result. 

'The  unspecified  particulars  which  do  not  affect  the  lav 
may  be  brielly  summarised  as  follows  : — 

(<;)  the  absolute  magnitude  of  the  current. 
(/')  the  1'.  1).  at  the  terminals  of  the  voltanictti. 
(<-)  the  si7.e  and  distance  apart  of  the  electrodes. 
{(/)  the  strength  of  the  solution. 
{/)  the  source  of  the  current. 

With  regard  to  the  first  four,  the  values  are  non-essential 
only  vilhin  'vide  limits,  and  in    practic.nl  voltameters  th< 
dlHregard  of  them  must  not  be  pushed  loo  far,  because 
necondary  actions,  which,  although  they  do  not  alter   th^ 
truth  of  the  laws,  interfere  with  their  jjrattical  applicationj" 
The  last  (r)  cunstitutes  one  of  the  strongest  proofs  that  all 
currents  of  electricity,  no  matter   I'lom    what   s<iurec  111 
inay  be  derived,  have  absolutely  identical  projwrtics. 


TllI'.ORIRS    OK   Electrolvsis. 

When  wc  consider  the  beauty  and  interest  of  the  expe 
mental  rexulis  attained  by  electrolysis,  how  in  the  hands 
Ui\y,  Faraday,  and  others  it  has  extended  our  knowledge 
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the  nature  of  many  compound  bodies,  revealed  to  us  new 
elements,  and  given  us  new  compounds,  we  are  not  surprised 
that  philosopiit-rs  have  hopefully  looked  to  it  tu  reveal  to 
them  still  greater  depths  of  tlie  mysteries  of  nature.  Thus 
the  phenomena  of  electrolysis  have  afforded,  ever  since 
their  discovery,  a  fascinating  field  of  speculation,  not  only 
»pon  the  molecular  mechanism  by  which  the  various  changes 
re  brought  about,  but  also  upon  the  nature  of  electricity 
self,  and  the  constitution  and  structure  of  atoms  and 
aoleculcs.  There  are  still  many  problems  connected  with 
ic  subject  which  arc  far  from  being  satisfactorily  solved ; 
but,  without  going  into  recondite  matters,  it  may  be 
iteresting  to  consider  very  briefly  some  of  the  principal 
leories  that  have  been  advanced  from  time  to  lime  to 
ccount  for  the  facts. 

The    earliest    plausible    theory    is    probably    thai    of 
irotthuss,  who  in  1806  published  some  speculations  on  the 
iibject.     He  considered  that  the  two  electrodes  connected 
ko  the  battery  were  thereby  endowed  with  attracting  and 
spelling  properties.     For  instance,  the  kathode  was  said  to 
ttract  hydrogen  and  repel  o.xjgen,  whilst  the  anode  had 
lie   opposite   proi)erty  of  attracting  oxygen  and  repelling 
Ijydrogen.     Thus  each  molecule  of  water  found  itself  under 
Ihe  action  of  forces  which  tended  to  drag  its  hydrogen  and 
Oxygen  atoms  in  opposite  directions.     The  first  effect  of 
(lis  would  be  to  set  the  molecules  with  their  hydrogen  ends 
jfjf    we   may   so   regard   a   molecule)    turned   towards   the 
Kathode,  and  their  oxygen  ends  turned  towards  the  anode. 
This   is   represented   in    the  annexed  figure.       Row    i   is 
L meant  to  represent  a  set  of   molecules   with    their  heads 
indifferently  turned  in  all  directions  before  the  battery  wires 
are  joined  up.     The  shaded  [)arts  of  the  ellipses  are  intended 
represent  the  hydrogen  or  electro-positive  ends  of  the 
lolecules,  and  the  unshaded  parts  the  oxygen  or  electro- 
native  ends.     Row  2  is  supposed  to  represent  the  first 
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effect  of  coni|)leting  the  battery  circuit,  all  the  shaded  parts 
being  turned  to  the  right  and  the  unshaded  parts  to  the 
left.  Then  it  is  supposed  that  each  molecule  is  torn 
asunder,  under  the  action  of  the  electric  attractions  and 
repulsions,  the  hydrogen  part  moving  towards  the  kathode 
B,  and  the  oxygen  part  toward  the  amide  A.  But  in  the 
middle  of  the  liquid  the  hydrogen  of  any  molecule  meets 
the  oxygen  of  the  molecule  on  the  right  coming  the  other  way, 
and  immediately  combines  with  it  to  form  a  new  molerulc 


T 

A 

B 
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t)f  water,  as  shown  in  row  j.  Thus  only  llic  hydrogen 
of  the  molecule  next  to  11,  and  the  oxygen  of  the  molecule 
next  to  A,  are  unable  lo  find  new  partners,  and  apiiear  on 
the  rc.sfiettivc  electrodes  as  free  gases. 

It  should   l»c   noticed   that  tliis  theory  suppoacs  that 
decompiisitiuns   take  pl.icc  throughout  the  li       '  ' 
the  elcfirodcs,  but  exccjit  at  the  latter  the  ili 
arc  iinmcdiately  followed  by  rccombinatiuiis,  so  that  it   is 
only  at  the  eleilnxlcs  that  evidences  of  dccwnposition 
niipcAF. 

\\\\\\  this  ricw  of  the  inatier  Faraday  agnm,  b«tl  he 
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differs  from  Grotthuss  in  asrrihin)^  ihc  active  cause,  not  to 

the  aitnetion  and  repulsion  of  the  electrodes  acting  at  a 

dihtance,    but    to  iDternal    molecular    forces    called    into 

play   by    the   passage   of    the  current.     Here  is  what   he 

says:* — "  I  ronrcivc  the  effects  to  arise  from  forces  which 

are  internal,  relative  to  the   matter  under  decomposition, 

and  not  cxtfrnaK  as  they  might  be  considered    if  directly 

<Jepcndent  on  the  poles.     I  supjiose  that  the  effects  are  due 

to  a  modification,  by  the  electric  current,  of  the  chemical 

affinity  of  the  particles  through  or  by  wliich  the  current  is 

(passing,  giving  them  the  power  of  acting  more  forcibly  in 

>ne  direction  than  in  another,  and  consequently  mnkinj^  them 

travel  by  a  series  of  successive  decompositions  and  recom. 

positions  in   opposite  directions,  and  fmally  causing  their 

Expulsion  or  exclusion  at  the  boundaries  of  the  body  under 

Jecom)iosiiion,  in  the  direction  of  the  current,  and  that  in 

HTger  or  smaller  quantities,  according  as  the  current  is  more 

pr  less  powerful." 

Faraday  went  a  step  further,  and  maintained  that  con- 

iuction  in  electrolytes  only  takes  pl.^i  e  by  me.ins  of  elertro- 

aysis — that  is,  by  the  decompositions   and  recompositions 

already  referred  to.     But,  as  we  have  shown  when  dealing 

k'itli  the  theory  of  primary  and  secondary  batteries,  to  effect 

given  (let  omposilion  electrically  requires  a  definite  eleclric 

pressure  depending  upon  the  potential  chemical  energy  of 

ihe  separated  ions.      Therefore  to  force  a  current  through  a 

rater  voltameter  should  require  a  battery  with  an  E.M.F. 

sf  not  less  than  i  56  volts,  the  electric  pressure  of  hydrogen 

an  oxydising  medium.-     Until  this  pressure  is  reached, 

therefore,  there  should  be  no  current,  for  until  then  there 

can  l>e  no  electrolytic  decomposiiion.     Faraday,  however, 

himself  showed  that  a  single  Daniell's  cell  (E.M,F.=  ro8 

«  Exftrimmlai  Kesiarchtt,  Series  V.,  pat.  5*4  (J""'.  'SjJ).     The 
italic*  ore  Kar»dfly'». 

«   Vi,k  T«blc  U,  p.  45- 
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volts)  could  maintain  a  wry  weak  current  for  many  days 
through  a  water  voltameter,  although  there  was  no  appear- 
ance of  gas  at  the  electrodes. 

Helmlioltz  has  more  recently  shown  that  this  very  weak 
current  entirely  ceases  if  certain  precautions  arc  taken, 
When  these  precautions  arc  not  observed,  he  supposes  the 
feeble  current  which  passes  to  be  due  to  the  presence  of 
small  fjuantities  of  free  oxygen  and  hydrogen,  which  are 
usually  in  solution  in  most  liquids  exposed  to  air. 

Clausius  explains  the  known  facts  in  a  different  manner, 
based  upon  the  kinetic  theory  of  the  constitution  of  li(|uids, 
according  to  which  the  molecules  of  all  liciuids  are  neces- 
sarily in  motion  and  colliding  with  one  another,  the  mean 
velocity  increasing  with  rise  of  temperature.  Even  at  low 
temiKTatures,  liowever,  he  supposes  that  some  of  the 
individual  collisions  are  sufficiently  violent  to  break  up  the 
colliding  molecules  into  their  constituent  atoms,  whicli  go 
rambling  in  the  free  state  through  the  liquid  until  ihejr 
meet  with  new  partners,  with  whom  they  combine.  If  i$ 
upon  these  wandering  atoms,  and  not  upon  the  molecules, 
that,  as  he  maintains,  the  electric  action  is  effective,  causing 
their  paths  to  be  deflected  from  what  they  would  otherwise 
have  been,  so  that,  on  the  whole,  the  electro-positive  atoms 
move  towards  the  kathode  and  the  electro-negative  ones 
towards  the  anode.  Since  the  velocity  of  molecular  motion, 
and  therefore  the  frequency  and  violence  of  the  collisions 
increase  when  the  temperature'  rises,  we  should  expert,  if 
Clausius'  theory  be  correct,  that  the  conductivity  of  electro- 
lytes should  increase  with  the  temperature,  since  at  a  high 
temijerature  there  must  be  more  free  atoms  in  the  liquid 
than  at  a  low  one.  That  the  conductivity  docs  rise  with 
the  temperature  is  a  well-known  experimental  fact,  cl 
lytes  in  this  respect  differing  from  metals  whose  condiii  . 
is  less  at  a  high  iem|>erature  than  at  a  low  one.  Clausius' 
theory,  therefore,  though  not  absolutely  and  concltuiveiy 
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1,  offers  a  highly  probable  explanation  of  the  known 


2.  Laws  of  Thermal  Action. 

The  statement  of  the  laws  of  the  "  thermal "  action  of 

the  electric  current  will  not  detain  us  long.     The  brevity  of 

^the  treatment  is  not,  however,  due  to  any  lack  of  interest  or 

^f  beauty  in  the  phenomena  involved,  but  because  if  we 

fwere  to  follow  the  thermal  effects  into  all  their  consequences 

\\x\   the  numerous  cases   in  which  they  are  manifested,  we 

should  well-nigh  have  to  lay  before  our  readers  a  treatise  on 

illie  cognate  science  of  "Heat."     We  shall,  therefore,  con- 

inc  ourselves  to  considering  the  laws  governing  only  the 

production  of  heat  in  a  current-carrying  conductor. 

In  a  subsequent  part  of  the  book  we  shall  consider 
jRie  of  the  uses  made  of  this  production  of  heat — as,  for 
istance,  electric  lighting,  heating,  and  welding :  as  well  as, 
acre  briefly,  how  it  may  be  applied  to  the  measurement  of 
te  current.  The  laws  of  production  only  will  be  dealt 
ilh  at  present. 

The  law  governing  the  rate  of  production  of  heat  by 
le   current    was  first  clearly  expounded  by  Joule,  and  is 
usually  known   as  Joule's  Law.     It  may  be  enunciated 
: —  The  rate  of  J^roduclion  of  htal  by  an  tUctric  current 
<sing  throiij^h  a  raisfaiue  it  froforlional  to  the  resistance 

wti  to  the  square  of  the  current.  In  this  enuucLnion 
llie  current  is  supposed  to  have  been  already  defmcd  by 
bithcr  its  magnetic  or  chemical  effect,  and  it  is  to  the  square 
»f  the  current  so  defined  that  the  rate  of  production  of 
heat  is  pro|:>nrtional. 

\  curious  line  nf  reasoning  led  Joule  to  jircdict  this 
.     Experiment  shows  that  if  a  certain  current  be  passed 
Ri         '    1  certain  wire,  the  rate  of  produotion  of  heat  is  the 
:ih(T(r  vay  the  current  he  passed  throuf^h  the  jvire. 
In  this  res|)ect  the  thermal  effect  differs  from  the  magnetic 
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nnd  rlieinical  erteris,  which  are  both  rwersed  if  th<  current 
he  rc\'prsccl.  If  the  thermal  effect  were  similarly  rwened 
we  oltoulil  have  tlie  prodiirtion  of  heat,  or  httttin:;,  when 
the  riirrvnt  is  passed  one  way  through  the  wire,  and  the 
iih<t(irplion  of  heat,  or  coolvij^,  when  the  current  is  passed 
the  iilhcr  way  llittuigh  Such,  however,  is  not  the  case; 
the  rffe«l  is  always  a  heating  effect,  atui  increases  wt//i  Iki 
iHitVMtf  r'/  Ml*  ntrroit.  Now,  algebraic.il ly,  the  tquiire  </  a 
nt)^Uiu  qtiantily  gives  the  same  fiositkt  result  as  the  t^uart 
«•/(»•  iinntily  of   the   same  numerical  magnimdc. 

Since,  1  '■    ,  the  change  of  the  current  from  positive  to 

iteHAllve  produces  no  change  in  the  effect,  Joule  concluded 
llml  thrtt  effect  must  be  proportional  to  the  s(|uare'  of 
tl>«  rurn-nt.  Kxperiment  has  abundantly  confirmed  this 
ll\m*nl>Mn  ptetliction. 

,|imlp'«  |j»w  altto  a»crts  that  the  rate  of  production  of 
h«'«l  1"  .» y»>v«  .wmr«i/  is  proportional  to  the  resistance  of 
('  '       this  fact  that  gives  to  the  word  ryj/i/rjrtrf 

M      i  i      ,  ^  >^  name  for  this  jxirticular  property  of 

« tilttlu<  Ittt*.  Kttr,  M  we  have  just  seen,  and  as  we  have 
Iw'fuir*  rvi '        ■     '  '     '    0  of  hcit  is  of  the  satne 

tiitliMi'  MO  .1^  of  heat,  inasmuch  as  the 

pl«tiv««  t«  »»*«Yrt»M\  Si  imjHirtant  is  this  view  of  the 
\\\\\\\^\  \\\t\  \\  i"*  pwhupw  wore  philosophical  to  defme 
iMltil«ni'«  l»v  icfrimcc  lo  the  heat  produced,  instead  of 
\\  10  rurrcnt. 

I  '  'incfl  as  the 

•'        inductor 
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shall  see  later  on,  when  we  have  to  deal  with  fluctuating  or 
.alteniating  currents. 

It  follows  that  if  the  same  current  be  successively  passed 

thrtiugh  wires  of  the  same  diameter  hut  of  different 
oaterials,  those  wires  whirh  have  the  highest  specific  resist- 
ice,  and  therefore  the  higliest  actual  resistance  for  any 
liven  length,  will  become  hotter  than  those  of  lower  specific 
Esistance.     A  pretty  experiment  to  illustrate  this  is  shown 

in  Fig.  163,  in  which  a  chain,  consisting  of  alternate  links  of 
platinum  (^Pl)  and   silver  (A^)  made  of  the  s;inie  gauge  of 


Fig,  163.— Heating  Effect  of  a  Current  on  Platinum  and  Silver. 


ifire,  is  stretched  between  two  conducting  posts.     When  a 
Lsuitnhlc  current  is  passed  along  the  chain,  the  platinum  links 
ecome  red-hot,  whilst  the  silver  ones  remain  cool  and  dark 
because  of  their  lower  resistance. 

So  far  we  have  dealt  only  with  the  rate  of  production  of 
heat  in  a  conductor  through  which  a  current  is  flowing.  If 
ithc  current  >•(  slcady  the  rate  of  production  is  steady,  and 
fje  total  heat  produced  in  a  given  time  xs  proportiimal  \o  the 
ime.  It  ought,  therefore,  to  be  possible  to  express  the  heat 
produced,  as  measured  in  ordinary  heat  units,  in  terms  of 
^he  current,  the  resistance,  and  the  time.  This  can  easily 
done.  If  H  be  the  /o/tf/heal  generated  in  a  given  time, 
measured  in  tecirnds,  by  a  current  of  a  umpires,  flowing 
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through    a    conductor    whose    resistance    is    R   f>fims,    wc 
have : — 

In  this  equation  the  heal  is  measured  in  cahrki}  and 
the  multiplier  o"24  is  necessarj'  in  order  that  the  result  may 
appear  in  these  the  ordinary  heat  inits.  If  this  multiplier 
is  omitted,  the  quantity  of  heat  will  be  given  in  Jtwirs  ;  ■  and 
if  it  be  required  in  other  units,  other  multipliers  must  be 
used. 


'  ndf  p.  aS. 
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CHAPTER    VIII. 


LAWS   OF   MAGNETIC  ACTION, 

In  the  chapter  upon  the  "  Mechanical  Production  of  the 
Current"   wc   have  dealt    in   detail  (pp.  13810  151)  ujwn 
sevenil  of  the  aspects  under  which  the  magnetic  action  of  the 
^current  may  be  viewed,  and  we  have  traced  the  consequences 
if  that  action  in  several  imjiortant  cases.    In  doing  this  we 
[have  employed  throughout  Faraday's  theory  of  the  magnetic 
'  strains  and  stresses  which  we  know  exist  in  the  medium, 
whatever  that  may  l)e,  in  which  the  conductor  carrying  the 
:urrcnt  is  immersed,  the  stresses  IxHng  grajihically  repre- 
sented by  the  "  Lines  of  Force  "  which  we  have  used  freely. 
In  connection  with  this  method  of  viewing  the  phenomena, 
lliere  remains,  within  the  scope  of  this  work,  little  else  to  be 
given  but  the  numerical  data  with  which  experiment  has 
supplied  us. 

But  the  consideration  of  the  magnetic  action  of  the 
current  would  l)e  incomplete  without  some  reference  to  the 
srilliant  discoveries  of  Ampere  on  the  mutual  actions  of 
enis  on  one  another,  and  of  magnets  on  currents ; 
Kperimcnts  which  were  made  ten  years  earlier  than 
Faraday's.  In  the  form  in  which  these  experiments  were 
Ifirst  given  to  the  world,  they  were  accompanied  by  a  com- 
plete mathematical  analysis  and  ex{jI.inalion,  based  upon 
trtain  probable  assumptions,  in  which  the  action  of  the 
cdium  was  ignored,  bcmg  replaced  by  theories  of  direct 
iction  at  a  distance.  With  the  action  of  magnets  on 
nrrents,  discovered  by  Ampere,  we  shall  not  now  concern 
jrsclves,  but  refer  the  reader  to  page  140,  in  which  ways  of 
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showing  the  action  are  described.  The  action  in  any  nlher 
given  case  can  be  readily  deduced. 

The  currents  avail.ilile  for  e.xiXTimcnt  in  the  early  |vut 
of  this  century,  being  produced  by  primary  batteries,  were 
small  compared  with  those  th.-xt  ran  now  be  placed  at  the 
disposal  of  the  physicist ;  consequently  the  various  eflects 
of  the  currents  were  correspondingly  small,  and  of  these 
effects  ihc  merli;inical  action  on  one  another  of  two  straight 
conductors  rnrrying  such  currents  is  very  minute.  Had  it 
been  at  all  comparable  with  the  mechanical  action  between 
two  well  magnetised  ])ieccs  of  steel,  its  discovery  would 
probably  have  followed  more  (juickly  upon  the  discovery  of 
methods  of  maintaining  a  continuous  current  in  a  circuit. 
To  detect  Ihc  .action,  the  conductor  acted  upon  must  tliere- 
fore  be  very  free  to  move.  Hut  electric  currents  nnly 
flow  in  closed  circuits,  one  p.irt  of  which  must  include  the 
lottery  or  dynamo  or  other  scat  of  the  E.M.F  Unless, 
thcreftjre,  we  are  prepared  to  make  the  whole  circuit  mov- 
able, as  was  afterwards  done  by  f)e  I. a  Rive,  some  form  of 
sliding  connection  between  the  fixed  and  the  movable  p.irtof 
the  circuit  must  be  devised,  and  this  sliding  connection 
must  be  very  free  from  friction.  One  of  .Ampfcrc's  ingenious 
devices  for  accomiilishing  this  is  shown  in  Fig.  164. 

The  wooden  pillar,  11,  h.is  two  ronccntrir  grooves  ot  its 
upper  end,  which  hold  mercury,  into  which  the  ends,  -v,  y, 
of  the  circular  conductor  dip.  This  circular  conductor  is 
supported  by  an  insulating  pillar,  C,  by  means  of  a  needle 
point  att.achcd  to  the  highest  part  of  the  conductor,  and 
resting  in  a  hollow  cup  at  the  top  of  C.  One  of  the  con- 
centric rings  of  mercury  is  connected  by  copper  MTi|« 
through  a  commutator  (on  the  left)  to  the  terminal  maHted 
+  ,  and  the  other  to  the  terminal  marked  — .  From  llw«e 
tcrminnls  a  current  can  be  p.rsscd  in  the  direction  of  the 
arrows  through  the  circular  conductor,  which  is  rery  frtt 
10  rotate  round  the  vertical  axis,  C. 
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A  circle  so  mounted  will,  as  we  have  previously  shown, 
set  itself  with  its  plane  at  right  angles  to  the  earth's 
magnetic  meridian  when  the  current  flows,  and  it  is  held  in 
I  that  position  by  a  force  which,  ihuugh  small  in  itself,  is  great 
compared  with  that  exerted  on  it  by  any  other  simple  con- 
ductor in  its  neighbourhood,  carrying  a  current  of  the  same 
order  of  magnitude.  To  observe  the  latter  effect  it  is, 
therefore,  necessary  to  devise  some  means  of  eliminating  or 


t.  -  AniitOri'i  Circle. 


[neutralising  the  earth's  magnetic  action.  This  Amptre 
I  accomplished  by  using  the  astatic  rectangles  shown  in  Figs. 
165  and  166.  The  (uinciple  employed  is  to  make  the  mov- 
Lablc  (>arl  of  the  circuit  consist  of  two  roctiingles  in  the  same 
•plane,  of  about  e()ua1  area,  joined  in  series  with  one  another 
[in  such  a  way  that  if  the  current  flows  in  a  clock-wise 
I  direction  round  one,  it  flows  counter-clockwise  round  the 
bother.  If  these  rectangles  be  then  symmetrically  mounted 
I  with  regard  to  tlic  axis  of  rotation,  the  earth  will  tend  to 
[turn  them  in  op|>ositc  directions  with  ccjual  efforts,  and  any 
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lcndcni:y  of  one  of  them  to  route  win  be  ctRmteftialaaced 
liy  the  uppoititc  tendency  of  the  other.  The  morable 
fratnework  will,  llurifori',  remain  indifferently  in  my  pastiua 
in  wliirli  it  |ia|>pi;ns  to  bo  in  when  the  currt.-nt  starts.  The 
imivrtldc  rcttan^jlcs  in  l-ig.  165  arc  susfK.ndcd  from  the 
nti-n  ury  cups  a  and  b,  and  these  are  joined  to  the  rest  o( 
tito  » irruit  by  means  of  the  stiff  wires  and  the  mercury  cups 


Flf.  tty— Artina  «r  famlM  Cntrad^ 


A  Ahd   II  in  the  base.     Now  let  another  wire  carrying  a 
nut  rem  In-  1  ■  jmmUcI  to  one  of  the  outer  vcftical 

«tdo  at  ih.  jrk  ;  it  will  be  found  that  if  the  two 

curTunU  are  botli  go<D>t  in  the  tamt  Jinttwm^  say  downwards, 

fti   ,  ,   -■       ■■  --,    ,        ••      -  ,      ■  .',,  ,       T'  ■   ■'  ■ 

ni 

HI'  -,  there  will  be  n. 

~' [•iiim^mi  xri  >iii%  n.iiu  Ampere  deduced  liit  1.1  w  ; — ^vw 


Aupkn^s  Laws. 
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ra/f*/  straight  conductors  attract  or  repel  each  other  according 
\  as  the  currents  in  t/um  have  the  same  or  opposite  directions. 

When  the  conductors  ate  not  parallel,  there  may  still  be 
attraction  or  repulsion  which  may  be  demonstrated  by  means 
of  the  apparatus  shown  in  Fig.  i66.  In  this  case  the  astatic 
lectanglcs  are  suspended  from  the  cu[)  a,  at  the  top  of  the 
uptight  pillar,  and  are  joined 
to  ihtj  outer  circuit  by  the 
wires  x  and  y,  dipping  into 
the  concentric  mercury  cups 
contained  in  the  base  B  ;  these 
mercury  cups  are  metallically 
connected  to  appropriate  ter- 
nu'nals  not  shown.  In  the 
fued  conductor  the  current  is 
brought  up  the  outside  of  the 
tube  b,  and  after  pursuing  the 
path  figured,  is  taken  away 
ilown  a  central  wire  insulated 
from  the  outer  lube.  The 
action  that  will  be  observed 
is  Uiat  the  movable  conductor 
will  always  strive  to  set  itself 
so  that  its  current  is  pakai.lki. 
tc  and  in  lh«  s-\me  direction 
as  the  current  in  the  fixed 
conductor. 

If  the   two    conductors    be     Fig.  le*.— Action  of  inclined  Currcnls. 

acfurately  at  right  angles,  there 

will  be  no  action,  but  the  mechanical  momentum  that  will 
be  acquired  by  the  movable  framework  will  be  sufficient  to 
carry  it  past  this  "  dead-iioint "  if  it  be  neces.sary  to  pass 
through  it  in  order  to  take  ui>  the  above  [losition. 

Amptrrc   showed    mathematically    that    all    the    above 
actions  could  be  deduced  from  an  elementary-  law,  in  which 
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it  was  a&iiunicd  that  each  little  bit  of  one  circuit  acted  upon 
each  little  bit  of  the  other  with  a  force  pnyporhoxal  tt*  tkt 
airrenls  in  than,  and  invcmely  as  the  sifuare  of  Ikt  Jislamt 
hft7i><(n  t/tfw,  liuc  allowance  being  mailc  for  the  relative 
direttions  of  the  little  bits.  In  connection  with  this 
celebrated  law  it  must  be  remembered  that  we  cannot  ex- 
periment upon  little  bits  of  circuits  taken  by  thcnisclvcj, 
but  only  on  com|ilcto!y  closed  circuits.  Since  Araptrc's 
lime  it  has  been  shown  that  the  experiments  can  be  ex- 
plained by  assuming  other  laws  for  the  action  of  the  little 
bits  on  one  another.  But  the  gre.itest  omission  in  Aro|)erc's 
theory  is  its  neglect  of  any  allowance  for  the  action  of  the 
medium.  The  experimcnis  were  made  in  air,  and  the  use 
of  iron  and  magnetic  materials  was  carefully  avoided  m  the 
con.Htruclion  of  the  apparatus.  If  iron  l;e  introduced  be- 
tween the  two  circuits,  the  actions  that  take  plate  are  ijuitc 
dirtercnf,  .md  depend  upon  the  ma.ss,  shape  and  penneabdity 
of  the  iron.  In  fact,  the  attractions  and  repulsions  arc  due 
to  the  magnetic  stresses  of  the  medium  surrounding  the 
cirt:uils,  and  ran  be  explained  by  reference  to  the  Lines  of 
Force,  aecurding  to  the  rules  already  given. 


Linfs  and  Tuba  of  Force. 

We  do  not  propose  to  consider  the  numerical  details  of 
the  magnetic  action  of  currents  and  magnets  as  based  ujion 
ai lionat  a-di.stancc  theories,  but  shall  proceed  to  show,  in  a 
general  way,  how  Faraday's  theory  of  the  action,  being  due 
to  »lre.ises  and  httains  in  the  medium,  may  be  subjected  to 
adculatiim.  ( In  page  i  lo  we  have  given  Faraday'.-*  definition 
of  the  "  magnetic  curves,"  and  have  hinted  that  (he  lines 
may  be  so  drawn  as  to  indicate,  not  only  the  direi  tion,  but 
al.to  the  magnitude  of  the  forces  at  the  difrerciil  |iarls  of 
the  m,ij;neiic  field.  How  this  may  be  done  will  now  bo 
xhown  as  simply  m  possible. 


LfffES  OF  Force. 
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Exjieriment  indicates  that  the  magnetic  action  of  a  current 
jr  of  a  magnet,  which  is  equivalent,  for  our  present  purpose, 
I  some  distribution  of  currents)  on  the  surrounding  medium 
that  of  a  stretching  force  or  Unsion  along  the  lines  of 
Orce,  and  a  siiueeze  or  presiurt  in  all  directions  at  right 
igles  to  them.     The  reactions  or  stresses  set  up  in  the 
lediuni   or  ether,  as  we  shall  i-all  it,  are,  of  course,  equal 
knd  opposite  to  these  impressed  forces,  and  therefore  con- 
st of  a  tendency  to  conlracl  along  the  lines  of  force,  and 
«/iiiii(i  at   right  angles  to  them.     Hence  our  a^^sertion  on 
115  tiiai  ihe  lines  of  force  tend  "to  grow  shorter  in  the 
lircction  of  their  lengths,  but  to  repel  one  another  sideways." 
It)  fact,  taking  any  straight  portion  of  a  line  of  force,  the 
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l^g.  167,— Line  of  Force  in  Sirctched  Rubber  Cord. 

ther  immediately  surrounding  it  is  in  much  the  same  state 
a  stretched  cord  of  india-rubber,  which,  as  soon  as  the 
jrccs  stretching  it  are  suppressed,  will  contract  to  its 
Driginal  length,  and  expand  sideways  to  its  original  cross- 
cctional  area.  But  in  using  this  illustration  we  must 
lution  our  readers  against  supposing  that  the  ether  can  be 
tretchcd  or  squeezed  to  anything  like  the  same  extent  as 
[jdiarubber.  .Ml  exj^riments  show  that  the  ether  is  highly 
knntretchable  and  incompressible,  and  that  an  extremely 
Jight  amount  of  stretch  or  squeeze  calls  into  play 
iKirmous  forces  of  restitution.  Bearing  this  caution  in 
Bind  we  may  use  our  stretched  rubber  cord  to  illustrate  the 
trained  condition  of  the  ether. 

Let  A  B  (Fig.  167)  represent  a  portion  of  a  rubber  cord 
Iretchcd  in  the  direction  of  its  length  l)y  means  of  appli- 
nccs  not  shown  in  the  figure.     At  every  cross  section,  C, 
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perpendicular  to  ils  length,  there  will  be  innumerable  little 
forces  in  action,  such  as/ and/',  which  lend  to  tear  the  two 
sides  of  the  cross-section  asunder;  these  forces  will  bccounter- 
balanc  ed  l>y  the  internal  stresses  between  the  two  sides  of 
the  section.  Now,  these  forces  being  distributed  all  over 
the  section,  according  to  some  law,  it  is  evident  that  wc  i-jn 
divide  the  section  intoa  number  of  little  areas,suchastf,  of  any 
convenient  sha])C,  but  which  have  this  property  in  common, 
vi/.,  that  the  sum  of  all  the  little  forces  on  one  side  of  the 
area  is  equal  to  the  unit  of  force  (the  dyne,  or  the  pound 
weight,  or  whatever  unit  may  be  convenient).  If,  now, all 
the  boundaries  of  these  small  areas  be  extended  in  the 
direction  of  the  length  of  the  cord,  so  as  to  run  always  along 
the  lines  of  the  stress  (or  force),  the  whole  substance  of  the 
cord  will  be  divided  into  a  number  of  tubes  whose  ends 
will  appear  on  the  two  terminal  faces,  A  and  U,  Thus  the 
ends  of  the  tube  passing  through  the  boundary  of  a  will  be 
a  on  A,  and  a"  on  H.  Such  tubes  are  called  Tubes  of 
Force,  and  the  method  of  drawing  them  shows  that  if  we 
consider  any  cross-section  of  the  cord,  such  as  11,  the  sum  of 
the  fortes  acting  across  the  section  a"  of  any  tube  is  c'lu.i' 
to  the  unit  of  force.  Where,  therefore,  the  forces  arc  gr(.-.ii. 
the  areas  of  the  tubes  will  be  small,  and  where  the  fora» 
are  small  the  areas  will  be  large.  Consequently,  for  gteat^ 
forces  the  tubes  are  numerous,  but  diminish  in  iilimbcr 
the  forces  diminish.  Now,  if  we  rt/>l<ue  i<uA  tul>e  by  ;i  //*• 
drnwii  a/oiii;  ils  axis,  these  lines  will  be  drawn  along  the 
Lines  of  Force,  and  by  their  distance  ajiatt  will  gr.-i|iliic- 
ally  rc|)iescnt  the  magnitude  nf  ilic  furces  at  ci 
Where  the  lines  are  close  together  they  will  coru  ,  'il 

narrow  tubes  and  great  forces  ;  where  they  are  wide  matt 
ihcy  will  correspond  to  wide  tubes  and  small  forcis. 

Similarly  the  space  of  the  magnetic  field  can  be  divided 
into  tubcH  and  Line*  of  l-'orcc,  and  it  will  be  to  lines 
itmttn  that  wc  shall  now  always  refer  when  we  »]>cak  of 
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•'numt)er"  of  Lines  of  Force  in  any  magnetic  field.  It  will 
be  obvious  that,  if  in  such  .1  field  ne  place  a  small  area,  say 
>f  cardlward,  at  right  angles  to  the  Lines  of  Force,  the  total 
force  acting  across  the  area  of  the  card  (not,  however,  on 

j.lhe  card)  will  be  equal  to  the  total  number  of  the  Lines  of 
Force  that  pass  through  the  card.     It  will,  of  course,  be 

(understood  that  in  the  magnetic  case  the  unit  of  dynamical 

Iforce  used  in  the  india  rubber  illustration  is  replaced  by  the 

lunit  of  magnetic  force  defined  on  page  1 1 1. 

The    Magrnetic   Circuit. 

We  have  dwelt  so  fully  on  the  properties  of  the  magnetic 
ircuit  in  the  preceding  pages  (210  to  213)  that  little  remains 
to  be  referred  to  here  beyond  the  methods  of  e.xpressing  the 
various  (juantitics  in  exact  numbers.  The  three  chief  ijuan- 
tities  with  which  we  are  concerned  are  the  "  Magnetomotive 
Force,"  the  "  Total  Flux,"  or  total  number  of  closed  lines  in 
the  magnetic  circuit,  and  the  ''  Magnetic  Reluctance "  of 
the  circuit.  These  quantities  .ire  connected  by  the  simple 
lation  : — 


.    „  ,  Magnetomotive  Force. 

Magnetic  Reluctance= t.  .  1  1 1     

"  Total  Hu.x. 


or  otherwise : — 

Magnetomotive  Force=(Total  Flux)  x  (Magnetic 
Reluctance.) 

It  is  in  the  latter  form  that  the  relation  is  most  frequently 
required,  for  the  usual  problem  is  to  find  the  M.ignetomotive 
lorte  that  will  be  required  to  (produce  a  certain  nimilier  of 
agnctie  lines  or  Flux  in  a  given  circuit. 
On  page  1 50  we  have  stated  that  the  Afir^uclomci/nT  Force 
is  proportional  to  the  product  of  the  current  by  the  number 
f  limes  it  i.s  looped  (see  F'ig.  77)  through  the  magnetic 
ircuit.  If  the  current  is  measured  in  amperes,  this  product 
known  as  the  "  ampere  turns,'  and  the  Magnetomotive 
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Force  is  proportional  to  the  ampere-turns.     The  exact  con 
nection  is : — 

Magnetomotive  Force= x  (Amp^re-tums) 

=  1257  X  Ampferes  x  Turns, 
^3r  very  nearly  \\  times  the  number  of  ampere  turns. 
Reciprocally,  if  the  required  Magnetomotive  Force  l)e  known 
the  ampere-turns  can  he  calculated,  and  the  method  of 
winding  an  electromagnet  for  a  given  source  of  current  can 
be  worked  out. 

The  quantitative  meaning  attached  to  the  term  "  Lines 
of  Force  "  has  just  been  carefully  exi)laincd.  By  the  term 
Total  Flux  is  simply  meant  the  total  number  of  lines  of 
force,  drawn  in  the  manner  set  forth,  which  are  present  in 
the  field.  These  Lines  of  Force,  it  must  always  be  remem- 
bered, are  closed  curves.  In  the  magnetic  curcuit  of  a 
dynamo  machine  we  have  to  deal  with  millions  of  such 
lines. 

The  physical  meaning  of  the  term  Magnetic  Reluctamt 
has  been  explained  at  page  151.  Its  numerical  value, 
however,  is  not  easily  calculated.  It  depends  upon  the 
permeability,  the  cross-section  of  the  circuit  perpendicular 
to  the  lines,  and  the  length  of  the  lines.  All  these  factors 
may,  and  usually  do,  vary  greatly  in  different  parts  of  the 
circuit,  and  hence  there  arises  the  difficulty  of  the  calcu 
lation.  The  principle  of  the  calculation  is,  however,  easily 
grasj)ed ;  it  is  similar  to  the  calculation  of  the  electric 
resistance  of  a  conductor  from  its  dimensions  and  the  known 
S|)cci(ic  resistance  of  its  material.  Thus  the  reluctance  of 
any  piece  of  the  circuit  of  uniform  cross-section  and  per- 
meability is  propiirtional  to  its  length,  and  inversely  propor. 
lional  to  its  permeability  and  cross-section,  or  in  symbols : — 

Reluctance=  — 

whcic  /  mid  A  btund  fur  length  and  truit»-McitiviMl  arc*. 
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and  \i  stands  for  jHiimc.ibilily.  The  similarity  of  this 
formula  to  thai  already  given  (p,  285)  for  the  calculation  of 
resistance  is  obvious.  For  the  full  calculation  the  whole 
circuit  must  be  divided  into  pieces  to  which  the  above  con- 
ditions apply,  and  the  value  of  the  reluctance  must  be 
calculated  for  each  piece ;  the  results  have  then  to  be  com- 
bined according  to  rules  similar  to  those  given  on  pages  287 
and  289,  for  the  calculation  of  resistances  joined  in  parallel 
and  series.  \Vhere  the  circuit  contains  no  magnetic  ma- 
terial the  value  of  /j  is  i,  and  the  calculation  is  simi)lified, 


Fig.   168.— Mcji^urtmcnl  of  Permcabilily. 


though  even  then  the  calculation  is  by  no  means  an  easy 
one.  But  where  the  lines  run  through  magnetic  nuteiials 
the  values  of  \i  have  to  be  ascertained  from  records  of  tlie 
results  of  previous  cxpcrimenls  collected  in  tab'cs  or 
graphically  depicted  in  cur\'es  such  as  are  shown  in  Fig.  75. 

This  measurement  of  the  values  of  ^  for  different 
magnetic  materials  under  different  conditions  of  saturation 
is,  therefore,  of  the  highest  im]>orlance  in  electro-magnetic 
work,  and  we  shall  briefly  describe  one  method  out  of 
many  by  which  these  values  may  be  ascertained. 

Fig.  1 68  shows  diagrammatically  the  arrangement  of  the 
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apiKiratus.  The  nialerial  to  he  tested  is  made  in  ibc 
form  of  a  ring  of  uniform  cross-sfclion  and  overwound 
with  a  roil  of  insulated  co]iper  wire,  as  shown  by  the  thick 
line  in  the  figure.  The  ends  of  this  wire  are  brought  to  a 
reversing  key,  S,  by  means  of  which  the  current  from  the 
battery,  B,  can  be  set  round  the  wire  on  the  ring  in  either 
direction  at  pleasure,  R  is  an  adjustable  resistance  and  A 
is  an  am])crc-metcr  for  measuring  in  amjx'res  the  rurreni 
sent  round  the  coils  on  the  ring.  As  the  number  of  turns 
in  these  coils  can  be  counted,  the  ampere-turns  used  to 
magnetise  the  ring,  and,  therefore,  the  Magnetomotive  Force, 
are  known.  To  measure  the  Total  Flux  produced  by  this 
Magnetomotive  Force  a  known  number  of  turns  of  fine 
wire,  forming  a  secondary  coil,  arc  wound  round  one  part  of 
the  ring,  and  these  are  placed  in  closed-circuit  with  a 
Iwllistic  galvanometer  {set  page  359),  B  G.  When  the  current 
in  the  battery  circuit  is  suddenly  turned  o\i,  a  number  of 
magnetic  lines  arc  threaded  through  this  small  coil,  and 
according  to  the  [)rinciples  of  m.ogneto-electric  induction, 
the  change  in  the  magnetic  flux  gives  rise  to  a  transient 
induced  K.M.F.  in  the  coil,  and  a  corresponding  tninsicnl 
current  in  the  galvanometer.  From  the  movement  of  the 
galvanometer  needle  the  value  of  the  F.MF,  and,  therefore, 
the  number  of  lines  threade<l  through,  can  be  inferred,  llic 
ratio  of  the  Magnetomotive  Force  to  this  Total  Flux  gives 
the  reluctance  of  the  ring,  and  a  simple  calculation  gives  the 
permeability  of  the  material.  The  curves  of  permeability 
given  in  Fig.  75  were  obtjiined  thus  by  Dr.  J.  Hopkinson. 

Maerneto-EleotPio  Induction. 

When  dealuig  with  l-'araday's  discovery  of  Magneto- 
electric  Induction  we  showed  (page  1 73)  that  the  currents 
induced  in  a  circuit  under  induction  deiicnded  upon  the 
rapi<lity  with  which  magnetic  lines  of  force  were  withdrawn 
from  or  thtvadcd  ituu  the  circuit.     The  currents  ore  due  to 
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E.M.l'.'s  set  up  in  llic  conductor  liy  the  addition  or  sub- 
traction of  the  lines,  and  now  that  we  have  attaclicd  a  precise 
and  definite  meaning  to  the  rather  vague  phrase  "  number 
of  lines  of  force,"  the  magnitude  of  these  E.M.F.'s  can  be 
calculated  by  the  following  very  simple  rule  : — The  indiued 
Electromotive  Force  in  a  circuit  at  any  instant  is  proportional 
to  the  rate  nt  which  the  magnetic  lines  of  force  are  I'cing 
tvithlrawn  from  the  circuit.  To  give  the  E.M.K  in  volls 
the  above  r.ite  has  to  be  divided  by  100,000,000  or  10*,  and 
thus  we  have  the  equation  :— 


Induced  E.M.K.  in  volts  = • 

10*1 


where  //N  represents  the  change  in  the  number  of  lines 
which  takes  place  in  the  time  dt,  and,  therefore,  the  fraction 

--.  gives  the  rate  of  change.    Thus,  if  we  are  withtlrawing 

lines  from  the  circuit  at  the  rate  of  100  million  per  second, 
the  induced  Electromotive  Force  will  be  exactly  one  volt. 
This  is  the  rate  at  which  the  conductors  on  the  armature  of 
a  dynamo  machine  must  cut  the  lines  of  force  of  the  field 
magnet  in  order  to  produce  even  such  a  low  electric  pressure 
as  one  volt ;  hence  arises  the  necessity  for  using  powerful 
field  magnets,  with  millions  of  lines  crossing  from  one  pole 
to  the  other. 

To  apply  the  rule  to  calculate  the  E.M.K.  of  a  dynamo 
machine  we  would  remind  our  readers  that  we  have  .'hown 
on  page  178  that  the  above  law  for  the  E.M.K.  in  a  closed 
circuit  under  magneto-electric  induction  leads  to  the  following 
law  for  the  E.M.F.  in  any  conductor  cutting  lines  of 
force  ; — Whenecer  a  conductor  cuts  lines  of  force,  an  E.M.F. 
is  set  up  in  the  conductor  at  the  place  where  the  Una  of  force 
cut  across  it.  To  (his  we  may  now  add  the  quanlitative  rule, 
that  the  E.M.F.  set  up  is  equal,  in  volts,  to  the  ThX6  of  cutting 
of  the  lines  of  force  divided  by  i  o*. 

As  an  example  of  the  application  of  the  rule  we  shall 


3*8 


Tun  Ei.fiCTKic  Cvkrrst. 


take  the  case  of  a  two-]x)1c  conlinuous-cunent  dynamii,  *v>A 
wc  shall  suppose  that 

C  =  lhc  number  of  condurtors  counted  all  rminit  the 

outside  periphery  of  the  armature. 
N  =  lhe  totnl  niiinl)CT  of  lines  passing  through  the 

armature  from  one  pole  to  the  other. 
w=the  numlier  of  re\-«)Iutions  of  the  amiaturc  /rr 
sciond. 

Now,  in  caei)  complete  revolution  each  conductor  cuts 
every  one  of  the  N  lines  twice  over,  and,  therefore — 

aN  =  number  of  lines  cut  by  each  conductor  in  tath  ' 

revolution. 
Hence   2CN=the  number  of   lines  cut  by  all  the 

conductors  in  each  revolution. 
And   2«CN=thc  ra/e  at  which  a//  the  conductors 
taken  together  are  cutting  lines  of  force. 

This  expression  (swCN)  divided  by  lo"  would,  therefore,  be 
the  K.M.I'',  of  the  dynamo,  if  the  elecirical  connections 
were  such  thai  ihc  E.M.K's  in  all  the  conductors  were  added 
together.  Wc  have,  however,  shown  (page  200)  that  if  is 
not  «o,  but  that  the  conductors  in  one  half  of  the  armature  are 
in  "  i)arallcl  "  instead  of  being  in  "  series  "  with  those  of  the 
other  half.  'I'hc  cfTcctive  E  M.F.  is,  therefore,  only  that  of 
one-half  of  Uic  armature,  and  thus  we  finally  obtain  the 
equation  :  ..pxj 

E.M.F.  (in  volts)= -j^,  ■ 

This  simple  method  of  calculating  the  E.M. F.  of  a 
dynamo  machine  is  due  to  Hr.  Silvanus  P.  Thompson. 

\Vi-  may  remark  that  the  fornmla  is  ap]>licablc  to  both 
"  ring  "  and  "  drum  "  armaturcn,  for  the  quantity  C  only 
takes  account  of  the  conductors  on  the  ouUide  of  the 
periphery.  Ilie  general  rules  ran  be  applied  to  calculate 
the  K. M.F.  of  multipolar  and  alternate  current    truidiincs 

but  till'  .iliAvr  r\.Tni)iIf  i<>  MifTu  icnl  for  iiiir  iiiirtios.- 
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ELECTRICAL    MEASUREMENTS. 

Is  this  chapter  it  is  projwsed  to  consider  in  detail  the  various 
methods  by  which  the  different  quantities  encountered  in 
electrical  phenomena  are  accurately  or  practically  measured. 
Wc  deliberately  jiropose  to  devote  a  moderate  amount  of 
sjwrc  to  this  part  of  the  subject,  because,  not  only  is  it  a 
fascinating  one  in  itself,  but  also  because  the  study  of  the 
principles  involved,  and  the  modifications  necessitated  by 
practice  in  the  design  of  the  different  beautiful  instruments 
employed,  will  amply  reiiay  our  readers,  by  endowing  them 
Willi  a  juster  appreciation  of  the  wonders,  as  well  as  the 
limitations,  of  the  various  phenomena  dealt  with.  At  the 
same  time,  whilst  avoiding  jiurcly  technical  details,  we  hope 
to  enable  the  reader  to  understand  clearly  the  method  of 
working,  and  the  principles  underlying  the  design  of  many 
of  those  instruments  which  .ire  day  by  day  becoming  more 
and  more  necessary  in  modern  life.  Of  course,  what  we 
shall  give  will  be,  after  all,  a  mere  outline,  but  we  trust 
an  interesting  outline,  of  a  subject  which,  in  its  full  de- 
velopment, requires  all  the  resources  of  mathematical 
and  experimental  science. 

In  the  chapter  on  "conduction"  we  have  partly 
anticipated  the  present  chapter,  by  describing  with  sufficient 
detail  the  methods  employed  in  measuring  that  property  of 
matter  known  as  electrical  raistance.  The  other  electrical 
quantities  that  it  is  most  iniiiortant  to  be  able  to  measure 
nrcurately  may  be  arranged  under  the  following 
licadsi : — 
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copper  spanner,  B,  is  plnccd  in  the  mercury  nips,  H  H. 
'llie  anode  consists  of  a  thick  plate  of  silver,  P,  which  is 
suspended  in  the  solution  by  means  of  the  strip,  S,  cut  out 
of  a  sheet  in  one  picre  with  P,  and  l>ent  up  at  right  angles. 
The  plate,  P,  is  wrapped  in  filter  paper,  (o  [irevent  any  of 
the  silver  oxide  which  may  be  formed  at  the  anode  during 
electrolysis   dropping   into    the    platinum    ilish    and    thus 


Fit;.   i6«». — The  Silver  Vullntncler. 

increasing  its  weight.  When  the  current  passes  from  P  to 
n  through  the  silver  nitrate,  silver  is  dissolved  off  the  anode, 
P,  and  enters  the  liquid  as  silver  nitrate,  whilst  silver  is 
deposited  on  the  platinum  kathode.  P.  'I'he  total  ijuantity 
of  electricity  that  passes  from  P  to  D  can,  therefore,  \x 
found  by  ascertaining  the  incrtiise  of  rwighl  of  the  platininn 
dish  due  to  the  silver  deposited  on  it.  It  is  found  liy  ex- 
periment that  the  increase  of  weight  of  the  kathode  is  more 
reliable  than  the  loss  of  weight  of  the  anode.  .Since  we 
know  that  one  coulomb  deposits  o'ootiiS  of  a  gramme 
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of   silver '    we   can    find    ihe    total   number   ol    cuuloni 
l)y   dividing   the   increase  of  weight    in   grammes   by 
numhcr,  or 


nii.inlily  in  ) 

Coulombs  ! 


weight  of  Silver  deposited  (grammes). 
o'ooiuS 


% 


ion^i 

ri  t" 

nus^n 


To  obtain  accurate  results  several  simple   precautions_ 
arc  necessary.     Hoth  before  and  after  the  current  has  passe 
the  platinum  dish,  I),  has  to  be  cleaned,  dried,  and  weigh* 
To  get  it  (|uiie  clean  it  must  be  washed  with  distilled  wal« 
alcohol,  and  ether,  then  dried  over  a  spirit  lamp  and  left  to 
cool  in  the  sulphuric  acid  desiccator,  G.     In  order  that 
dc|>osit  of  silver  may  adhere  so  well  to  the  platinum  as  i 
to  be  distiirljcd  by  ilic  washing  operations,  the  current  musT 
not  exceed    one    ampl-re    for    every  six   sijuare   inches  ofL 
kathode  surface.     If  the  current  very  much  exceeds  ih^ 
although  the  proper  .nmount  of  silver  will  be  separated 
the  kathode,  it  will  not  adhere  well  to  it,  and  some  may  be  Ic 
whilst  washing,  thus  leading  to  an  inaccurate  result. 

The  wires,  VV„  W,  (Fig.  169).  are  connected  to  a  curre 
generator,  and  tlie  rest  of  the  apparatus  is  inserted  for  til 
purpose  of  calibrating   the  ampercmeler  for  ammeter), 
The  current  which  [lasscs  through  the  voltameter  also  j 
through  A,  and  the  adjustable  resistance,  R.     If  this  cur 
be  kept  fiti'/e  s/rat/v  we  can  deduce  its  value  by  a 
tti  be  described  prescnlly  (page  334). 

But  it  must  not  be  forgotten,  that  whether  the  rur 
be  steady  or  not,  providing  it  is  never  reversed,  the 
meter  will  correctly  measure  the  total  cjuantity  of  electrtcil 
thai  jyasses  through.     It  is,  therefore,  directly  a  measurer  I 
quantity   of  clef  Iriritv,  .ind   onlv   indirei  tly    .t    measurer 
current. 

QuanlUy    of     elei  im  uy     iii:iy     ;ilso     be    convenient 
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measured  by  means  of  a  copper  voltameter.  This  is  easily 
arranged  by  placing  two  square  copper  plates  vertically, 
about  hall'-an-inch  apart,  in  a  solution  of  co])|}er  sulphate. 
In  this  test  also  the  increase  of  weight  of  the  kathode  plate 
is  used  to  estimate  the  quantity  of  electricity,  and  the  pre- 
cautions already  described  about  cleansing  and  drying  have 
to  be  observed.  It  will,  therefore,  be  well  to  use  thtn,  hard 
copper  for  the  kathode,  so  that  it  may  be  as  light  as  possible. 
"With  copper  the  current  may  be  as  great  as  one  ampere  to 
every  two  square  inches  of  surface  without  getting  a  bad 
deposit.  Of  course  in  the  final  calculation  the  electro- 
chemical equivalent  of  copper  (000326)  must  be  used  instead 
of  that  ol  silver. 

An  Electric  Meter,  based  on  the  voltameter  princi[)le, 
was  invented  by  Edison  for  the  purpose  of  measuring  the 
supply  of  electricity  to  private  consumers ;  this  will  be 
described  later  in  the  chapter. 


(/').- Measurement  of  Electric  Cuppent. 

The  problem  of  measuring  the  Electric  Current  with 
instruments  adafited  to  the  enormous  range  of  magnitudes 
that  are  in  common  use  has  always  been  a  fascinating  one 
for  scientists,  and  its  solution  has  resulted  in  the  production 
of  some  of  the  most  iKautiful  instruments  to  be  found  in 
the  whole  rciilm  of  science.  lu  their  construction  the 
resources,  not  only  of  electrical,  but  also  of  dynamical  and 
optical,  science  have  been  laid  under  contribution,  and  we 
arc  now  able  to  measure  currents  with  a  range  of  magnitude 
of  mote  than  one  billion. 

For  the  puiposc  of  measuring  a  current,  any  one  of 
Its  three  effects  may  be  employed,  and  it  will  be,  therefore, 
l)c<.t  to  treat  separately  the  chemical,  magnetic,  and  thermal 
methods  of  measurement;  but  of  these  by  far  the  most 
itn|iortint  in  jiracticc  is  the  magnetic  method. 
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Chemical  Methods. 

The  measurement  of  (juantiiy  of  electricity  by  means 
of  volianielcrs,  which  wc  have  just  dcscrilx-d,  can  also  be 
used  for  the  measurement  uf  electric  currents,  provided 
thai  the  currents  are  iteady,  durint;  the  whole  time  that 
electrolysis  is  taking  place.  For  the  numerical  value  of 
the  current  is  the  qiuintily  of  didridty  that  (lows  ftr 
second ;  if,  therefore,  we  know  the  lo/a/  quantity  that  Ims 
l>asscd  through  the  voltameter,  and  the  /////<•  during  which  , 
the  current  continued,  the  (|uotient  of  the  quantity  divided 
by  the  time  will  be  the  (nxrage  value  of  the  current,  and  this 
will  be  the  actual  value  if  the  current  has  been  ijuitc  steady. 
■|"o  obtain  ibis  value  in  amp'fres  the  ([uantity  must  be 
measured  in  ,ouloml<s  and  the  time  in  setvnds,  for 
One  Ami)erc=One  Coulomb  per  second. 

Thus,  if  ihe  i|uantity  of  silver  deposited  in  the  volta- 
meter in  fifteen  minutes  show  that  3,600  coulombs  of 
electricity  have  (lassed,  we  find  that  the  average  current  has 
been 

^,f)oo  (iiulomhs 
=  '        .  J  =4  amperti. 

1 5  X  f)o  iecoudx     ^       ' 

Wc  have  already  referred  in  sufficient  detail  to  the 
metluid  of  measuring  the  coulombs.  'J'o  measure  the  time  it 
is  only  necessiry  to  have  a  good  walch  or  chronometer,  ami 
to  note  Ihe  exact  instant  when  tlie  current  is  started  in  the 
voltameter,  and  again  the  exact  instant  when  it  is  stopped 
The  interval  between  lliesc  two  instanls,  expressed  in 
seconds,  is  the  time  lo  be  used  in  the  eali  ulatunj.  \i 
regards  steadintss,  (he  voltameter  gives  no  visible  indication 
at  the  time  of  any  fluctuations  in  the  current,  and  it  is, 
therefore,  necessary  to  [ilace  in  the  circuit  an  instrument 
such  as  a  galvanometer,  which  will  at  once  give  notice  of 
any  ciiange  that  tlic  current  may  undergo.  Voltameters  u 
current  mevi>ajrer>  have,  therefore,  two  serioux  (Jntwback»:j 
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nrsily,  tlie  iiiclhod  is  tedious  and  requires  a  certain  amuunt 
of  experience  and  manipulative  skill;  and,  secondly,  they 
give  no  visible  indication  at  the  lime  of  any  change  that 
may  occur  in  the  magnitude  of  the  current — there  is  no 
indication  of  what  tiie  value  of  tiic  current  was  at  any  given 
mstant.  Their  advantages  are  that  within  certain  limits  the 
si/e  and  shape  of  the  vessel,  the  size  of  the  electrodes,  the 
quantity  and,  to  some  extent,  the  constitution  of  the  electro- 
lyte are  matters  of  indifference,  and  that  no  complicated 
mathematical  calculation,  involving  delicate  measurements 
of  distances  and  dimensions,  is  required  to  interpret  the 
results.  Thus  fur  ascertaining  the  value  of,  and  for  standard- 
ising the  indications  of,  other  instruments,  subject  to  more 
complicated  laws,  they  are  invaluable. 

Magnetic  Methods. 
As  n  means  of  detecting  the  existence  of  a  current,  of 
showing  its  fluctuations  from  moment  to  moment,  and, 
finally,  of  measuring  its  absolute  value  when  required, 
instruments  whose  indications  depend  upon  the  magnetic 
effect  of  the  current,  are  much  more  convenient  than  those 
which  dei)end  upon  either  the  chemical  or  thermal  effects. 
The  latter,  with  small  currents  at  least,  require  time  to 
develop  heat  to  any  sensible  amount,  whereas  the  change 
in  the  magnetic  effect,  consequent  upon  any  c:liange  in  the 
current,  at  once  makes  itself  evident  on  the  appliances  used 
to  detect  it.  The  amount  of  chemical  deconiiiosition,  or  of 
heal,  produced  by  a  steady  current  is  directly  (iroportional 
to,  and  increases  with,  the  time,  whereas  ihe  magnetic  field 
which  it  sets  up  is  as  great  as  soon  as  the  current  is  estab- 
lished as  it  is  hours,  or  even  days,  afterwards,  provided  the 
cutrcnt  be  kept  unchanged.  Moreover,  the  strength  of  this 
magnetic  field,  if  no  iron  be  present,  follows  faithfully  every 
change  in  the  value  of  the  current.  It  is,  therefore,  only 
ncc'es.sary  lo  devise  some  means  of  measuring  this  strength 
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and  of  indicating  its  fluctuations  for  us  to  be  able  to  measur^ 
the  strength  and  the  fluctuations  of  the  current. 

Instruments   that   are    thus   used    for   the    purpose 
measuring  the  magnitude   of  a    rurrcnt   by  means  of   it 
magnetic   effect  arc  called  galvanometers,  in  honour 
Galvani,  to  whom  the  science  ol  current  electricity  owes 
much.      Essentially   they   must  consist  of  two  parts,  (i.) 
conductor  to  carry  the  current  to  be  mea.sured,  and  (ii.1 
some  method  of  measuring  the  strength  nf  the  roagnctti 
licld  which  this  cuncnt  .iets  up  at  some  previously-sclcctc 
place  in  its  neighbourhood. 

The  ap|viratus  used  by  Oersted  in  the  original  expefi 
nicni,  by  which  he  discovered  the  magnetic  effect  of 
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cuntnl,  constitutes  a  rough  and  ckmentary  form  of  galvanq 
inettr.  A  single  straight  coodactor  (Fig.  170),  a  b, 
Mre<cb«d  over  a  pinMcd  magnetic  needle,  N  S,  and  thl 
M|tpQttS  turned  roond  until  the  irixv  lies  in  the  magnetij 
Ittcridian,  And.  tbetefore,  directly  on:r  ibe  needle  in  it 
|Vii«jtk>ii  of  rest.  If  i»w  an  electric  current  lie  passe 
ihitkuith  the  wirr  froeu  «  to  A  (he  nccdk  will  be  deflected 
*h'  -ady  gitirn,  will  turn   on  i^ 

|«l\.  .;....  But  as  suun  as  the  need| 

lH»tv%«  tntl  «<l  (Ik  nuj^nclK  meridian,  the  earth's  magaeli 

ll»\  '  '  '         "  ■  rl^ 

w, 

U  art  «»iM«lt  *mt  «nukk      Uctwnn*  thcM  ckircuics  the  ac 
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takes  up  some  intermediate  position,  as  indicated  by  the 
dotted  lines ;  and  since  the  deflecting  force  of  the  current 
depends  upon  its  magnitude,  it  follows  that  the  larger  the 
current  the  further  will  the  needle  be  deflected  from  its 
north-south  position.  By  placing  a  graduated  scale  under- 
neath the  needle  we  would  be  able  to  read  off"  its  angular 
deflection.  But  the  connection  between  this  deflection  and 
the  magnitude  of  the  current  is  by  no  means  easy  to  ileduce, 
although  the  arrangement  is  apparently  a  very  simple  one ; 
and,  therefore,  the  apparatus  is  a  j^ahuinosrope,  or  current 
indicator,  rather  than  a  ^a/vanometer,  or  current  measurer. 
All  that  it  could  do  for  us,  if  we  wished  to  compare  two 
currt-nts  by  its  aid,  would  be  to  indicate  which  was  the 
larger  current,  for  the  larger  current  would  give  the  greater 
deflection,  provided  we  do  not  move  any  magnets  in  the 
neighbourhood  during  the  two  experiments. 

Another  defect  of  Oersted's  galvanoscope  is,  that  it  will 
only  give  indications  with  fairly  large  currents;  the  field 
that  would  be  set  up  by  such  currents  as  are  ordinarily  used 
in  telegraphy  would  not  move  the  needle  perceptibly  out  of 
the  meridian.  On  the  other  hand,  the  currents  used  in 
electric  lighting  would  give  large  deflections  ;  and  this  simple 
arrangement,  made  somewhat  more  compact,  and  with  the 
fielil  of  a  Strong  permanent  magnet  rejjlacing  the  weak 
field  of  the  earth,  has  been  used  for  measuring  currents  of 
i.ooo  amperes  and  upwards. 

Galvanoiiifirn  for  Mefi^uring  Smalt  Currents. 

Notwithstanding  this  apjjlication.  Oersted's  apparatus 
rcniains  far  too  nnaensitiiv,  as  it  is  called,  for  indicating  the 
existence  of  many  of  the  currents  used  in  ordinary  electrical 
work.  It  is,  therefore,  important  to  examine  in  what  ways  its 
sensitiveness  can  be  increased  so  that  visible  movements  of 
the  needle  may  be  pro<Iuced  by  very  small  currents.  Now, 
wc  find,  as  we  should  cxiiect,  that  the  magnetic  field  of  a 
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current  is  stronger  close  to  the  conductor  than  at  a  distance 
and,  therefore,  our  first  step  would  Ix*  to  hring  the  wire  a* 
near  as  possible  lo  the  needle.  Hut  this  is  not  all :  we  have 
seen  that  when  a  wire  is  coiled  up  into  a  solenoid  the 
magnetic  field  inside  the  solenoiil  becomes  much  stronger 
than  that  due  to  the  straight  current,  even  when  there  is 
only  a  single  turn  in  the  solenoid,  and  that  the  strength  of 
the  field  increases  with  the  number  of  turns.  We  are, 
therefore,  not  surprised  to  find  that  in  one  of  the  earliest 
altempts  lo  increase  the  sensitiveness  of  the  ap|>aratus,  the 
wire  was  made  lo  pass  many  times  round  the  needle,  in  the 
form  of  a  kind  of  rectangular  solenoid,  :is  sit-n  in  Fi^v  171. 


Kiu.  171.  -  Schwciggtr''.  Multiplier. 

This  improvement  is  due  to  Schweigger,  and  is  known  as 
Schweiggcr's  Multiplier,  from  the  fact  that  each  additional 
turn  of  wire  approximately  increases  proportionately,  or 
"multiplies,"  the  sensitiveness  of  the  instrument  For 
instance,  with  100  turns  the  instrument  will  give  approxi- 
mately ihe  same  deflection  with  a  small  current  as  it  will  give 
with  a  current  100  times  as  great  if  it  passes  round  only 
once.  In  l-'ig.  171  the  pivots  on  which  the  needle  turns 
arc  shown  as  working  in  the  frame  on  which  the  coils  are 
wound,  and  there  is  a  circular  scale  underneath  on  which 
the  position  of  the  needle  tan  be  roughly  observed. 

But   l)C»i<lcs  iiiavasi»x  the  strength  0/  the  firld^  which 
tends  lo  </</?<•<•/ the  needle,  we  may  also  increase  th 
tivetiess   of   the   instrument  by  diminhhing  Ike  i\ 
Jonty  which  lends  to  bring  the  needle  Ixick  to  its  poMlion  oJ 
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rest.  The  most  successful  of  the  early  attempts  to  increase 
the  sensitiveness  in  this  way  wiis  the  devit.e  employed  in  ihc 
"  Astatic  Cialvanometer."  Instead  of  the  one  needle  used 
in  the  earlier  instruments,  two,  ns  and  s  n'  {I'ij^.  tyi),  are 
ein|)loyed.  'I'hesc  are  rigidly  connected  by  the  light  rod,  </, 
so  as  to  be  in  the  same  plane,  and  one  of  them  has  its  poles 
reversed  with  respect  to  the  other ;  thus  the  north  pole,  «,  of 


1 
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one  is  placed  directly  over  the  south  pole,  s',  of  the  other. 
If  such  a  magnetic  system  be  hung  up  by  a  light  fibre  of 
untwisted  silk,  one  needle  ran  only  set  north  and  south 
by  compelling  the  other  needle  to  set  in  a  diametrically 
opjiosite  jKJsition,  i.e.,  south  and  north.  The  two  needles, 
therefore,  tend  to  set  in  opposiie  directions,  with  the  result 
that  the  stronger  one  overpowers  the  weaker,  and  points 
with  its  north  pole  towards  the  north,  but  the  whole  system 
w  2 
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is  held  in  the  magnetic  meridian  inucii  less  strongly  than  if 
the  stronger  needle  were  suspended  alone.  If  the  magnetic 
moments  of  the  two  magnets  are  exactly  etjual,  they  will 
exactly  neutralise  one  another,  and  neiiher  will  be  able  to 
set  itself  in  the  magnetic  meridian.  In  this  state  they  arc 
said  to  be  "  Astatic,"  and  should  point  indifferently  in  any 
direction,  but  usually  they  wilt  then  set  east  and  west,  as  it 
is  well-nigh  impossible  to  mount  them  so  that  their  magnetic 
axes  are  in  the  same  vertical  plane.  It  is  even  seldom  that 
a  pair  of  magnets  can  be  obtained  of  exactly  equal  moment, 
and,  therefore,  the  needles  of  a  so-called  "  Ast.itic  Galvano- 
meter "  nearly  always  set  north  and  south,  though  the  differ- 
ence between  llie  moments  of  the  two  should  be  very  slight. 

The  condiK-tor  that  is  to  carry  the  current  usually  consists 
of  silk  covered  copper  wire,  and  is  wound  upon  the  special 
frame  shown  separately  at  the  left-hand  top  comer  of  the 
figure.  The  two  central  cross-pieces, /and  //,  of  the  frame- 
work are  hollow,  as  can  be  seen  at  t  and  s,  and  after  the 
coils  are  wound  on  in  the  manner  shown  in  the  complete 
instrument,  the  magnetic  needles  are  lowered  into  the 
vertical  slot  until  the  lower  one  is  free  to  move  in  the  central 
horizont.il  slot.  When  in  this  position  the  upper  needle  is 
sulTuiently  high  above  the  coils  to  allow  the  circular  saile 
card  to  be  placed  below  it.  Thus  the  upper  needle  acts  as 
nn  indicator  to  show  how  far  the  needles  arc  deflected  by  the 
current.  The  zero  of  the  scale  is  so  plated  that  when 
pointing  to  it  the  neeilles  lie  parallel  to  the  coils,  and  in 
using  the  instrument  it  should  always  be  adjusted  to  this 
position  Iniforc  the  current  is  passed  throu};h  it 

In  the  instnimcnt  ngureil  the  conductor  is  wnuiid  i>ii  m 
two  separate  .ind  similar  coils,  whose  four  ends  are  soldered 
to  the  four  binding  screws  seen  in  front.  This  is  so  llut 
the  sensitiveness  uf  the  instrument  may  be  altered  by  u»iog 
eiilier  one  coil  or  both  coil*  connected  in  Bcrics,  II  cakn 
also  be  used  diffcremdatly  to  measure  the  difTcrcncc  betwc«fl 
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two  currents.  To  do  this  one  current  is  sent  through  one 
coil  anil  the  other  through  the  other,  so  as  to  tend  to  deflect 
the  needle  in  the  opposite  direction  ;  the  resultant  deflection 
will  then  depend  approximately  on  the  diffennce  of  the  two 
currents. 

It  should  be  noticed  that  the  advantage  of  using  the 
nearly  astatic  needles  is  nut  confined  to  the  fact  that  the 
earth's  controlling  efleci  is  diminished,  and,  therefore,  the 
deflection  due  to  a  particular  current  increased.  Fn  addition 
to  this  we  find  that  both  needles  are  deflected  liy  the  current 
in  the  same  direction.  I-'ur,  suppose  the  current  to  be  so 
pa-ssing  round  the  coils  that  the  lines  of  force  inside  win 
from  east  to  west,  then  the  lines  outside  must  run  from  west 
to  east.  Hut  the  needle  outside  has  its  poles  in  the  opposite 
direction  to  those  of  the  needle  inside,  and,  therefore,  a 
west-to-east  field  will  turn  it  in  the  same  direction  as  an 
easl-to-west  field  turns  the  inside  needle.  Thus,  both 
needles  act  in  the  same  way  with  regard  to  the  deflecting 
current,  but  in  opposite  ways  as  regards  the  controlling  field. 
On  both  accounts,  therefore,  the  sensitiveness  is  increased. 

As  a  minor,  but  not  tmimportant,  improvement,  it  should 
be  noticed  that  the  needles,  instead  of  working  in  pivots, 
are  suspended  ijy  a  long  hbre  of  untwisted  silk.  This  does 
not  increase  the  sensitiveness  of  the  instrument,  but  very 
materially  reduces  the  mechanical  friction,  and  thus  enables 
the  moving  parts  to  set  with  greater  certainty  in  the  position 
of  eiiuilibrium  due  to  the  magnetic  forces  alone.  'I'hc 
improvement  is  accompanied  by  the  drawback  that  the 
instrument  must  be  carefully  laxlted  when  used,  and  fur  this 
puqiose  it  tests  on  three  levelling  screws,  by  which  it  can 
be  adjusted. 

It  is  interesting  to  notice  in  passing  that  the  imiirove- 
nicnts  in  the  galvanometer  which  xve  have  been  describing 
txHiiributed  very  materially  to  the  success  of  Melloni's 
brilliant  experiments  in  ra'liant  heal.     Without  an  instrument 
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capaljlc  of  dftccling  much  smaller  currents  than  had 
previously  been  measured,  tliosc  researclies  could  not  have 
been  made.  This  is  only  one  instance  out  of  many  that 
lould  be  cited,  where  tlic  improvement  of  instruments  hits 
led  to  important  discoveries  in  unforeseen  and,  at  tirst  sight, 
apparently  unconnected  directions. 

So  far  we  have  only  considered  electric  and  magnetic 
methods  of  increasing  the  sensitiveness  of  galvanometer* j 
by  increasing  the  deflections  produced  by  small  currents. 
But  it  is  obvious  that  having  produced  the  greatest  deflection 
which  such  methods  permit,  if  wc  can  then  magnify  the 
deflection  by  oiher  means,  wc  shall  practically  be  able  to 
detect  still  smaller  currents,  for  deflections  which  would 
otherwise  escape  our  notice  will  then  become  scnsiljlc.  In 
the  instrument  just  described,  the  detleiiinn  is  rea«i  off  by 
observing  the  movement  of  a  pointer  over  the  circumference 
of  a  circle  a  few  inches  in  diameter.  For  very  small 
deflections  a  low-puwer  microscope  might  be  used  to  detect 
any  movement  of  the  pointer,  or  the  pointer  itself  ujight  be 
lengiliencd  so  that  its  end  should  move  over  the  circum- 
ference of  a  larger  circle.  Neither  of  these  methods  is 
very  advantageous,  though  the  first  is  the  better.  The 
sfcond  is  open  to  the  objection  that  the  increase  of  length  of 
the  pointer  necessarily  adds  to  the  mass  and,  therefore,  lo 
the  sluggishness  of  the  movable  parts,  and  it,  nioreovert 
increases  the  bulk  of  the  instrument  by  increasing  the  siw 
of  the  fixed  Ecale  over  which  it  moves.  Weber  pointed  out 
the  simplest  solution  of  the  difficulty  by  attaching  a  minor 
to  the  movable  magnets ;  the  movements  of  thts  mhror 
could  bcobscrvcd  by  well-known  optical  methods.  Til' 
Is,  in  reality,  etpiivalent  to  employing  a  weightless 
light  as  a  pointer,  instead  of  a  more  or  less  heavy  wire,  with 
the  advantage  that  the  beam  may  be  many  feet  in  length 
without  affecting  the  movctncols  of  the  needles  at  all. 
Wiedemann  imiirovcd  the  apparatus  by  using  a  m.ignctiscti 
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steel  inirror  ns  the  suspended  magnet.  Rut  the  method  was 
brought  to  Its  highest  perfection  by  Lord  Kelvin  (then  Sir 
William  Thomson),  who  reduced  the  mnss  of  the  suspended 
system  to  a  few  grains  by  using  a  very  light  mirror  and 
raakini;  the  magnets  of  watch-spring  steel.  We  owe  many 
other  minor  improvements  in  the  details  of  the  instrument 
Ij  the  same  indefatigable  worker. 


^'is-  173.  — tjord  Kelvin's  ReflcLttiig  Oalviuiorocter. 

1 1  will,  we  think,  assist  the  reader  to  understand  the 
principle  of  this  improvement,  if  we  first  describe  one  of 
the  modern  forms  of  the  Kelvin  Reflecting  Galvanometer. 
The  coils,  four  in  number,  are  contained  in  hollow  boxes, 
two  of  which,  15  H  (Fig.  173),  are  hinged  to  the  other  two 
so  that  they  can  be  turned  back  as  shown  in  the  figure,  in 
order  that  the  suspended  magnetic  system  may  be  placed 
in  ]iosition  or  exammed.  When  the  instrument  is  in  use 
these  coils  are  closed  up,  face  to  face  with  the  other  Iwo  ; 
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the  four  coils  then  form  electrically  two  coils  only,  and  at 

the     centre      of 
each  a  ver)'  small 
system    of    mag- 
Tiels,      m  m,      is 
suspended.    The 
appearance  of  Ihe 
Loils  when  closed 
can    be   inferred 
from     Fig.    179, 
which    illustrates 
a    slishlly  differ- 
ent form   of  the 
galvanometer. 
These    two    sys- 
tems of  magnets 
are     mounted 
"astatically"  (see 
Fig.    i-ji)  on    a 
very    light    strip 
of  mica,  S  S,  to 
the     centre     ol 
whii-h  is  fixed    a 
small    and    light 
concave     mirror, 
( ),  and  the  whole 
is   suspended  by 
a  fibre  of  (|uartz 
or  of  unspun  silk 
to    a    hook     on 
the  arm  n.     The 
mass  of   the  sus- 
(Kjnded  magnetic 
system     is     thus 

KiR.   174.    Ouicr  Ca«i-  of  Rtllcciias  GaUjiiiv •<='  reduced         lO       a 
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minimum.  The  suspending  hook  is  attached  to  a  screw 
which,  by  means  of  the  nut  shown,  can  be  moved  up 
or  down  without  twisting  the  libre.  The  fixed  coils  arc 
Ijeld  in  a  franiework  which  is  supported  by  the  corru- 
gated ebonite  pillars,  1'  P,  and  thus  very  high  insulation 
is  obtained.  The  four  coils  are  permanently  joined  up  in 
series  by  the  coiled  wires  that  can  be  seen  passing  from  one 
to  the  other,  and  the  two 

ends  of  the  conductor  are  \ 

brought  to   brass  caps,  //,  -  ' 

on  the  tops  of  the  two 
other  corrugated  ebonite 
pillars,  /  /  /  from  these 
caps  stiff  wires,  W,  pass 
through  holes  in  the  outer 
ca.sc,  Q  (Fig.  174),  to  the 
external  terminals,  T  T. 
E  E  arc  ebonite  plugs  which 
slide  on  the  wires,  and  arc 
pushed  into  the  holes, 
H  H,  of  the  outer  case, 
to  render  it  air-  and  dust- 
tight  when  not  in  use.  In 
joining  up  the  coils  care 
nmst  be  taken  that  the 
currents  in  the  different 
roils   all  tend  to  turn  the 

magnets  in  the  saiue  direction.  The  principle  to  be 
followed  is  shown  diagr.immatically  in  Fig.  175,  where  the 
same  letters  are  used  as  in  Fig.  173,  with  the  addition  of  n s 
and  s'  n  for  the  two  sets  of  magnets.  The  arrows  show 
the  direction  of  the  current,  which  is  opposite  in  the  upper 
and  lower  coils.  In  the  upper  coils  the  lines  of  force 
due  to  the  current  will  flow  from  front  lo  b.ick,  past  the 
magnets,  «>,  whereas  in  the  lower  coil  they  run  from  back 
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to  from  past  //'  s.  But  the  magnets  arc  astatically  reversed, 
and,  therefore,  the  strip,  S,  to  which  they  ate  attached,  and 
with  it  the  mirror,  O,  will  Ik-  rotated  in  the  same  direction  by 
the  action  on  each  set  of  ma^^nets. 

The  cover,  Q  (Fig.  174),  is  ol  lirass,  but  has  a  circular 
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opening,  (»,  covered  with  a  llii  piece  of  glass  through  \vhi<;h 
a  hcnm  of  light  can  be  directed  on  to  the  mirror,  O,  When 
the-  instrument  is  in  use,  the  cover  is  fixed  on  to  the  ba.<«e 
(Fig.  173).  and  the  whole  is  levelled,  l>y  mean*  of  the 
levelling  screws,  with  the  nid  of  the  two  spirit  levels,  L  I, 
which  are  »et  at  rij^ht  angles  to  one  anotlicr.  and  so  adjuMci) 
tli.1t  when  the  hublilcs  of  ait  ;ire  in  the  centrt-s  of  tl'    :  ■'    - 
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the  strip,  S  S,  hangs  quite  freely  in  the  rather  narrow  sjiace 
provided  for  it. 

We  are  now  in  a  position  to  explain  the  optical  arrange- 
ments used  to  magnify  the  minute  deflections  of  the  strip, 
SS,  and  the  mirror,  O.  A  paraffin  lamp,  F  (Fig.  176),  is 
supported  in  the  manner  shown  behind  a  doiihk-  lonvex 
lens,  L,  of  about  four  inches  focal  length.  Above  the  lens 
is  a  sc.ile,  D  I)  (the  liont  of  which  is  .seen  above  at  1)'  U), 
which  is  placed  parallel  to  the  opening,  11  (Fig.  174),  in  the 
galvanometer    cover,    and,   therefore,   directly    facing    the 
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minor,  O  (Fig.  173).  The  lens,  L,  isa  little  ix'iow,  and  the 
scale,  D  I),  just  as  much  above  the  level  of  the  mirror; 
ronse<|uently  light  proceeding  from  the  lens,  L,  is  reflected 
on  to  the  scale,  I)  I). 

The  course  of  the  light  is  shown  In  Fig.  177.  The  lens, 
L,  is  placed  at  its  focal  distance  from  the  lamp,  and,  there- 
fore, the  light  falling  upon  it  enicrgcs  as  a  be.un  of  parallel 
light,  I.O,  which  falls  upon  the  mirror,  (),  and  is  reflected  to 
the  scale,  D.  The  scale  is  placed  at  a  distance  from  the 
mirror  equal  to  its  focal  length,  and  the  i>;irallel  l«am,  I,  O, 
is  retlccted  as  a  converging  beam  whose  focus  is  at  I).  A 
bright  image  of  the  lens,  I,,  is,  therefore,  formed  at  1),  and  if 
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a  vertical  line  be  drawn  on  the  lens  or  a  vertical  wire,  \V, 
placed  immediately  in  front  of  it,  an  image  of  this  line  is 
seen  crossing  the  hright  disc  of  light.  The  nppearancc 
presented  is  shown  at  I)',  which  represents  a  short  length  of 
the  scale  with  the  bright  circle  crossed  by  the  dark  image  of 
the  wire.  If  now  the  mica  slip,  and  with  it  the  mirxur,  O,  be 
turned  round  SS  as  an  axis,  the  point,  1),  will  n»ovc  bark- 
wards  and  forwards  along  the  scale  and  indicate  the  angular 
position  of  the  mirror,  O.  As  the  distance  O  D  m.iy  Ix;  six 
or  eight  feet,  or  even  more  if  convenient,  the  m;i^nifiration 
of  the  movement  of  O  may  be  made  very  greai.  In  con- 
nection with  this  magnification  it  is  not  unimportant  to 
notice  that,  in  accordance  with  a  well-knonn  law  in  optics, 
the  refleoied  beam,  O  D,  moves  through  an  angle  double 
of  that  through  which  the  mirror,  (J,  moves. 

With  such  a  delicate  magnifying  arrangement,  excessively 
minute  movements  of  the  mirror  can  l>e  detected  and 
measured  (juite  readily.  In  fact,  so  sensitive  is  the  apparatus, 
that  all  mechanical  disturbances  have  to  he  carefully  elimi- 
nated. For  instance,  the  most  delicate  instruments  are  placed ' 
on  the  top  of  massive  piers  of  masonry,  built  up,  when: 
possible,  from  the  solid  rock  ;  or  hung  by  indianibbcr  Ixinds 
from  an  over-head  beam.  Even  then,  in  a  city  like  London, 
where  the  enormous  traffic  fills  the  apparently  .steady  earth 
with  all  kinds  of  tremors,  it  is  well-nigh  impossible  to  obtain  a 
steady  spot  of  light  during  the  busy  hour?  of  the  day.  and, 
in  some  instances,  delicate  researches  have  to  be  )'■  ' 

until  niidnigiil  and  the  small  hours  of  the  niornn  ^  > 

for  a  brief  interval  the  great  city  is  comparatively  a»lect>, 
and  the  pulsing  of  its  tr.iffic  dies  tlown. 

One  dm  whack  of  the  lamp  and  scale  arrangctncnt  n 
that  lite  room  in  which  the  ex])eriu)ents  arc  made  must  lie 
darkened.  This  difficulty  is  avoided  on  the  Continent  by 
using  A  telescope  and  a  plane  mirror  instead  of  a  lamp  and 
a  ronrave  minor,  but  the  method  is  much  more  (attgiiingta 
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ihc  observer,  who  luis  to  keep  his  eye  fixed  at  the  eye-piece 
of  tlie  telescope.  .-Vnother  method,  which  combines  all  the 
advantages  of  the  lamp  and  scale  without  reijuiring  a 
darkened  room,  is  now  being  very  generally  adopteil.  It 
consists  in  replacing  the  0])aquc  scale  of  Fig.  176  by  a 
trans|).irent  scale,  behind  which  the  observer  stands.  One 
method  of  ar- 
ranging such  a 
scale  is  shown 
in  Fig.  178. 
The  source  of 
light  is  a  glow- 
lamp  iu  the 
box,  B,  to 
which  current 
is  supplied  by 
the  terminals, 
T  T.  The  light 
is  directed 
through  a  lens 
in  the  tube,  L, 
to  the  mirror 
of  the  g.alvano- 
mclcr  or  other 
instrument,  by 
which  it  is  re- 
flected back  on  the  scale,  S,  on  which  it  is  brought  to  a 
focus.  S  is  a  semi-irans])arent  scale  of  ground  glass,  and 
the  observer,  standing  behind  it,  can  sec  the  spot  of  light 
plainly  without  the  room  being  darkened. 

There  is  slill  another  and  independent  way  in  which  the 

sensitiveness  of  the  instruments  we  have  been  describing 

can  he  easily  increased  or  diminished  within  certain  limits. 

HithtTlo  we  have  spoken  of  the  movable  magnet  as  being 

Iplaced  in,  and  controlled  by,  the  magnetic  field  of  the  earth. 


Fig.  •78--Laiup  Si.Tii.l.  Willi    IV'tittpiutni  Scale  »iid 
Glow  l^iitp. 
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But  it  is  obvious  thnt  any  other  mngnctic  field  would  sctve 

ihc  purpose  of  a  controllinj;  field,  nnd  if  this  artificial  field 

were  weaker  than  that  (jf  the  earth,  a  greater  deflection  would 

be  produced  by  a  given  current, 

since  the  forces  tending  to  keep 

the   needle    at    zero    would     he 

smaller.     On  the  other  hand,  if 

the  artificial  field  were  stronger, 

the  deflection  would  be  lessened. 

Accordingly  there   is  usually  at- 

l.ichcd  to  the  rase  of  n  sensitive 

galvanometer  a  movable  perman- 

cntmagnet,M  (Figs.  i74and  179), 


^f^ 


which  can  lie  slid  up  nn<l  down  the  rod  on  which  it  is 
placed,  thus  producing  a  weaker  or  stronger  field  at  the  sus- 
pended inagnctii  inside.  Another  use  of  this  magnet  is  to 
adjust  the  spot  of  light  to  zero  when  no  current  is  (Mtssing. 
By  turning  ihc  screw,  S,  ibe  vertical  rod.  and  with  it  \U 
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5xed  magnet,  M,  is  roiaicd.  ami  iIk-  direction  of  the  con- 
jtrolling  field  and  the  set  of  the  suspended  magnets  altered. 
For  reasons  upon   whicli    we  need  not  dwell  in  detail 
would  seem  Letter,  wiiii  astatic  galvanometers,  to  place 
lis  controlling  [jernianent  magnet  in  the  horizontal  plane 
assing  tliroiigli  the  centre  of  the  sus|)endcd  astatic  system. 
Some  galvanometers  recently  constructed  have  the  magnet 
placed  in  this  plane  and  movalile  in  it  {see  Fig.  187). 
I  In  Fig.  179  we  illustrate  what  is  probably  the  most  sen- 

sitive instnimcnt  of  this  class  hitherto  constructed.  It  was 
^■made  two  or  three  years  ago  by  Messrs.  Nalder  Brothers  for 
^Hthe  City  Guilds'  Central  Institution.  To  secure  exceptionally 
^Bligh  insulation,  the  framework  which  holds  the  coils  is  sus- 
^^jended  from  the  four  outermost  long  ebonite  pillars,  P  P,  and 
the  terminals  are  attached  to  the  two  shorter  pillars,  //.  The 
copper  conductor  is  a  very  fine  thread,  only  o'ooi4  inch  in 
diameter,  and  is  85,400  feet,  or  over  sixteen  miles,  long ;  it  is 
wound  on  in  a  great  number  of  turns,  and  has  a  resistance 
of  355,000  ohms.  With  this  instrument  a  current  of  one 
thirty-sixth  thousandth  part  of  a  millionth  of  an  ampere 
can  be  detected. 

In  .ill  the  instruments  yet  referreii  to,  the  coils  carrying 
He   current    to   he    measured   have   been    fixed,   and    the 
nagnets  acted  upon   have   been  movable.      \Vhat  we  are 
chiefly  concerned  with,  however,  is  the  rthith'e  motions  of 
the  two  systems,  and  in  the  foregoing  cases  the  magnets 
»cre  left  free  to  move  because  they  were  less  massive  than 
lie  roils,  and,  therefore,  were   more  easily  moved   by   the 
acclianical  forces  brought  into  play  than  the  coils  would 
[lave  l)cen.  had  the  latter  been  movable  and  the  magnets 
Sxed.     But  Clerk-Maxwell  has  shown'  that  a  light  suspended 
!Oil  placed  in  a  strong  magnetic  field  may  be  used  as  n  gal- 
vanometer.    In  Fig.  180,  reproduced  from  Clerk-Maxwell's 


'  filtctrid'tjr  anil  Alajiiitlism,  Vol.  II  ,  \tttt.  721. 
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great  work,  the  coil  is  suspended  by  means  of  the  two 
wires,  A  and  H,  by  which  the  current  enters  and  leaves. 
It  is  placed  between  the  poles,  N  S,  of  a  powerful  magnet, 
which  may  either  be  an  electro-magnet  or  a  permanent  one, 
but  in  practice  is  usually  the  latter.  To  concentrate  ihc 
magnetic  field  on  the  vertical  sides  of  the  coil,  the  soft  iron 
piece,  U,  is  placed  between  the  poles.  \V'hen  the  current 
passe.s  through  the  coil,  the  latter  tends  to  set  with  its  plane 

at  right  angles  to  the  field 
of  the  i.irge  magnet,  so  that 
its  lines  of  force  may  co- 
incide with  those  of  the 
magnet.  It  is  pre^'cntcd 
from  taking  up  this  position 
by  the  torsion  which  would 
y  thereby  be  placed  on  the 
wires  A  and  B.  Conse- 
quently an  intermediate 
position  will  he  taken  u|\ 
and  the  deflection  read  in 
any  of  the  ways  already  de- 
scribed may  lie  used  as 
a  measure  of  the  current 
strength. 

The  idea  thus  thrown  out  has  been  embodied  by  M. 
D'Arsonval  in  a  practical  instrument  for  measuring  small 
currents.  A  permanent  and  powerful  horseshoe  magnet, 
M  M  (Kig.  i8i),  is  fixed  with  its  jx;les  upward  on  a  Imsc 
board,  li,  provided  with  the  usual  levelling  screws,  S  S. 
Between  the  poles  is  a  cylinder,  A,  of  soft  iron  '  "  "•  nly 
to  the   upright  vertical  rod,  R;  this  cylinder  ■  ics 

the  lines  of  force  of  the  magnet  in  the  narrow  gap.s  iKtwecn 
it  and  the  magnet  [wlcs.  In  these  narrow  gaps  the  coll,  e  r, 
is  suspended  between  the  wiret,  a  and  /',  to  which  its  end* 
iire  electrically  connected,  the  wires  lieing  kept  tnut  by  Ihe 


Fig.  i«o.— M«««»rH»  SuiprnJtJ  Coit 
(tiUv.tiii»tictcr. 
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djustaldc  spring,  s.     The  mirror,  m,  is  mounted  at  the  top 
^f  tlie  coil,  and  moves  with  it.      The  terminals,  //',  are 
placed  outside  the  cover,  (^,  one  of  them  beinj;  connected 
the  upper  wire,  ,/,  through  the  rod,  R,  ami   the  other  to 
lower  wire.  />,  through  the  spring,  s.     If  now  a  current 
sent  through  the  coil,  fi-,  from  /  to  /',  the  coil  and  with 
the  mirror,  ///,  will  tend  lo  move,  as  already  exi)lained, 
"Into  a  ivDsition  at  right  angles  to  the  lines  of  force  of  M  M. 
But  in  so  moving 
will    twist    the 
ures,   a    and    b, 
id  this  twist  will 
tend    It)    bring    it 
.back   to    the   po- 
sition of  rest ;    il 
'will,       therefore, 
take  u|i  SI luie  inter- 
mediate    position 
ifhich  may  he  oh 
ervcil  wilh.1  lie.im 
ol     light    dirccleil 

|)n  the  mirror  io 
he  manner  nV 
eady  descrihcd 
in'-  347  to  349). 
The  greater  the  current  the  greater  will  be  the  deflection, 
)ut  the  deflections  are  not  necess.irily  prnporlion.nl  to  the 
currents. 

Shunting   Galvanometers. — The  range  of  currents 
ihat  any  particular  galvanometer  can   directly  measure  is 
necessarily  limited  ;  on  the  one  side  we  may  have  currents 
Ico  small  as  not  lo  produce  an  appreciable  movement,  and 
Lon    the   other   side  currents  so  large  that  they  cause   the 
ointer  to  strike  against  the  stops,  or  in  a  reflecting  galvano- 
meter moke   the  spot   of  light   move  right  ofl"  the  scale. 


My.  181.— 0'Arwnv>l't(M.i<weM)C;alvanoniei», 
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\Vc  have  endeavoured  to  describe  some  of  the  refincnicnls 
by  which  Ihe  first  class  of  currents  may  l>c  reached  and 
mensured.  Fortunately  the  second  class,  /.<•.,  the  currents 
which  are  too  large,  may  frequently  be  brought  within  the 
range  of  the  instrument  by  a  very  simple  electrical  device 
known  as  ihiinting.  By  Ohm's  law  we  know  that  if  a 
<'urrent  has  a  choice  of  two  jiaths  it  will  divide  itself  between 
them  inversely  as  their  resistances,  the  smaller  resistance 
receiving  the  larger  current,  and  via  i-ersii.  If,  therefore, 
a  current  is  lno  large  for  a  particular  galvanometer,  all  w* 

have  to  do  is  to  provide 
a  bye-jKiss  or  sAuh/ (or  \K\jt 
of  it,  and  only  take  n 
current  of  convenient  mag- 
nitude through  the  gal- 
vanometer. Thus  if  jf 
and  v  (I'ig.  182)  1)6  the 
terminals  of  a  galvano- 
meter, (j ;  to  Tt'',  the  v\ircs 
ronneriing  it  with  the  rc*t 
of  the  circuit,  and  if  wr 
place  a  coil,  s,  across  the 
terminals,  <;  f;';  the  current  coming  iili>ng  w  divides  at  jC 
into  two  parts,  one  of  which  flows  thniugli  the  galvano- 
meter, (j,  and  is  measured,  and  the  other  through  the 
shunt  coil,  ;;  these  currents  unite  again  at  ,(j'  and  pass  on 
along  ;/''.  The  fraction  of  the  current  in  ir,  whi<h  passes 
through  G,  will  be  known  if  we  know  the  relative  resistances 
of  C'l  and  s.  For  instance,  suftpose  the  resistance  of  s  is 
.•,'„th  of  the  resislaiicc  of  (i,  then  we  know'  that  ninety-nine 
parts  of  the  current  will  pass  through  s  for  every  part  which 
passes  lliroiigh  G ;  (i  thus  only  re<:eivcs  (ial'>  1*^^  of  the 
current  in  t,',  which  is,  therefore.  100  times  the  current 
measured  by  the  galvanometer.  For  convenience  special 
boxes  of  resistances,  called  sAttnf  f-oxes,  ore  tupplicd  with 
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scnriitive  galvanometers,  caih    resistance   being   a   definite 
fraction  of  the  resistance  of  the  galvanometer.    The  fractions 
usually  chosen  are  a,  „'„,  ,,,',„,  so  that  the  full  current  is  10, 
100,  or   1,000  times  the  current  measured  by  the  galvano- 
meter.   One  of  these  shunt  boxes  for  very  sensitive  galvano- 
meters,    is      illus- 

1 

■ 

trated  in  Kig.   183. 
This  box   contains 
three   coils    to    be 
used     as     shunts  ; 
one  end  of  each  coil 
is  connected  to  the 
brass  block,  C,  the 
other    ends    being 
connected  to  I),  K, 
and  F  respectively. 
A  B  is  a  continu 
ous     brass    bhx  k, 
which  can  be  joined 
to  cither  D,   K,  ur 
V  by  inserting  the 
])lug,  rr-,  in  the  ap 
pmpriate   hole  ;    S 
ami  S'  are  tlie  ter- 
minals    which    are 
attached     to     the 

■ 

HH^^^^BHI^I 

galvanometer     ter- 
minals.   When  the 
plug   is    placed   as   s 
riving   at   S   divides 
coil,  C  D ;  this  coil 
galvanometer,    the   ci 
be  multiplied  by  ten 
ing.     To  secure  goo 
are   motintcd  on    el 
X   2 

Kig.  163.  — Shunl  Box  for  Scn«iiive  CJAlvAnomeler. 

lown    in    the    figure   the   current   ar 
between    the   galvanometer   an«l    the 
having   ,',th  of  the  resistance   of  the 

irrent    measured    by   the  latter   must 
to  give  the  full  current  before  shunt- 

d  insulation  the  various  brass  blocks 

(onitc    i>illar»,    1'  P    .     ;    tiie    handle. 

1 
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1,  of  Ihe  plug  is  also  of  ebonite,  so  that  llic  ex[)C'rinjeiuer 
may  not  make  electrical  contact  with  the  circuit  in  moving 
the  phig  from  one  hole  to  another.  A  hole  is  provided  by 
which  the  blocks,  A  and  C,  can  be  connected  ;  when  the 
plug  is  in  this  hole  the  galvanometer  is  said  to  be  short- 
circuited,  for  practically  no  current  goes  through  the  instru- 
ment, however  great  the  current  from  S  to  S'  may  lie.  Thus 
by  always  leaving  the  plug  in  this  hole  when  the  galvano- 
meter is  not  in  use,  it  is  protected  from  being  damaged  by 
a  current  lieing  accidentally  sent  through  it. 

Simple  Sensitive  Galvanometers.— The  modem 
instruments  described  above  are  chierty  examples  of  the 
further  developments  in  their  particular  directions  to  which 
the  art  of  constructing  delicate  apparatus  has  been  carried  ; 
conseiiuently  they  are  usually  expensive,  as  much  skilled 
labour,  and  si>ccial  knowledge  in  connection  with  many 
minor  details,  arc  retpiired  in  their  construction.  Moreover, 
for  many  ordinary  |iuri>oscs,  the  degree  of  clubomtion 
attained  is  not  required,  anil  a  more  easily  construcle<l 
instrument,  combining  simplicity  with  a  fair  amount  oi 
accuracy,  is  nil  that  Is  needed.  Wc  shall,  ihereforr,  ron- 
rhidr  this  se<  lion  by  describing  two  instruments  which  wc 
believe  fulfil  these  conditions;  the  first,  a  reflecting  galvano- 
meter, re(juiring,  therefore,  a  lamp  and  scale  for  its  use  ;  the 
other,  a  direct-reading  instrument,  with  ordin.iry  jwintcr  and 
circular  scale. 

The  simple  reflecting  galvanometer  (Fig.  184),  designed 
by  Mr.  Mather,  consists  of  two  loils,  C  and  C,  resting,  with 
a  narrow  s}>acc  between  them,  in  a  suitably-shaped  open  box. 
The  ends  of  the  coils  arc  brought  to  screws  on  a  nanow 
block  in  front  of  the  box,  and  these  screws  arc  connected  to 
the  two  terminals  placed  outside  the  simjjle  glass  shade 
which  shields  the  toils  and  mirror  from  air  currents  and 
dust.  A  tliin  strip  of  mica,  S  S,  hangs  in  the  nanow  slul 
between  the  coils  and  carries  ihc  mirror,  M,  and  three  acts 
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of  magnets,  w,,  ///„  ///, ;  of  these,  /«,  hanys  at  the  centre  o( 
the  coils,  and  m,  and  /«,  just  outside  the  rirciimference. 
The  magnets,  w,  and  /«,,  have  their  poles  turned  in  the 
opi>osite  direction  to  those  of  /«,,  and  the  whole  forms  a 
nearly  astatic  system.  'I'he  strip  of  mica  is  hung  by  a  fibre 
of  unspun  silk  from  a  simple  support,  I',  where  there  is  an 
arrangement  for  raising  and  lowering  it.  The  usual  levelling 
screws  are  provided,  but  the  controlling  magnet,  if  required, 
must  t)c  supported  inde- 
f>endently  in  any  conve- 
nient spot  near  the 
instrument.  With  this 
galvanometer  many  of 
the  experiments,  for  which 
more  expensive  instru- 
ments are  frequently  used, 
r.in  be  performed  with  a 
high  degree  of  accuracy. 
Another  special  advanlnge 
of  the  design  is  that  the 
coils,  C  and  C,  can  be 
removeti,  and  other  co:ls 
giving  greater  or  less 
sen.sitiveness  placed  in 
|>ositiQn  in  a  few  minutes. 
A  great  range  can  thus  be  obtained  without  much  additional 
expense. 

One  drawback  ot  most  sensitive  instruments  with  a 
pointer  and  scale  is  that  the  deflections  are  not  propor- 
tional to  the  current.  For  instance,  with  the  astatic  galvano- 
meter of  rig.  172,  the  current  that  produces  a  deflection  of, 
say,  36  is  much  more  than  double  the  current  required  to 
give  a  deflection  of  jS'.  If,  therefore,  it  is  required  to 
compaie  two  currents  with  such  an  instrument,  e.xpctiinents 
must  be  made  beforehand  lo  delerinine  the  relative  values 
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of  the  currents  that  produce  the  various  deflections.  Su<h 
a  i)ro«;css  is  called  oi/i/'niling  the  galvanometer  j  the  results 
arc  recorded  for  reference,  but  their  use  involves  a  certain 
aniounl  of  trouble  an<l  liability  to  error.  To  avoid  this  the 
inslrument  shown  in  Fig.  185  has  been  designed  ;  it  has  the 
advantage  that  up  to,  or  a  lilile  beyond,  45  the  deflections 
arc  proportional  to  the  currents.  Thus  the  current  leijuired 
to  produce  a  deflection  of  30'  is  three  times  the  current 
re(iuired  for  a  deflection  of  10,  and  similarly  for  other 
defied  ions  up  to  the  limit   named.     The  arrangement  of 

the  parts  is  shown  in 
Fig.  1 86  ;  the  coils,  C  C,  are 
wound  upon  two  semi  circular 
or  D-sh;ipe(l  block.s,  and  are 
pLued  horizontally  opposite 
one  another  nt  n  distance 
ajKirt  a  little  less  than  the 
length  of  the  magnetic 
needle,  ti  i.  The  needle  is 
suspended  liy  a  silk  fibre 
from  a  simple  support,  and 
has  attached  to  it  a  long 
light  pointer.  //,  the  end  of 
which  moves  over  a  circular  card  gradu.itcd  in  ordinary 
•legrces.  The  needle  is  higher  than  the  coils,  so  that  the 
pointer  swings  clear  of  them.  In  Fig.  185  the  coils  ate 
hidden  by  a  thin  sheet  of  lookinggl.iss  placed  between 
ihcm  and  ihc  needle,  to  enable  ihe  (U-llertion  to  Ik:  read  with 
greater  accuracy.  (Jrcater  sensitiveness  ut  a  slightly 
nddiiional  cost  can  be  obtained  by  using  an  ".-istatic  pair" 
of  needles,  as  in  Fig.  172  ;  the  upper  needle  should  b«  in 
the  position  ol  n  s.  Fig.  186,  and  the  lower  one  in  a  sym- 
melii>.il  |K)sUion /v/cif  the  (oils.  1-or  the  proportional  law 
to  hold  true  the  tMinlnilling  field  must  be  Mmjorni  .  the  best 
field   iN  thai  due  to  the  earth  atone.  Init   if  .t   contnillinK 
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m.-ignot   is  used  it   imisl  not   Ix;  (ilarcil   very  close  to  the 
g,ilv:inoim-liT. 

Ballistic  Galvanometers.  Besides  measuring  cur 
rents,  galvanometers  lan  also  be  used  to  measure  (|unntities 
ijf  electricity  as  already  mentioned  in  the  kist  section.  Of 
course,  for  a  steady  current  the  quantity  of  electricity  that 
has  |ja.ssed  through  the  instrument  can  always  be  obtained 
by  multiplying  the  current  by  the  lime  of  flow,  but  we  are 
referring  now  to  the  measurement  of  charges  of  electricity 


Kig.  |B6.— Principle  uf  Propurtiotial  Galvanometer. 


accumulated  on  conductors-- as,  for  instance,  the  charge  of  a 
submarine  cable,  or  of  a  condenser  or  a  I.eyden  jar.  If  such 
a  conductor  be  discharged  through  a  sufficiently  sensitive 
galvanon)cter  there  will  be  no  permanent  defle<  tion  because 
Ihc  current  is  only  momentary,  but  there  will  be  an  ini|>ul- 
»ivc  movement  of  the  needle,  which  will  then  return  to  rest 
at  its  former  zero.  It  can  lie  shown  nunheniatirally  that, 
piovided  Ihc  whole  discharge  has  pa.ssed  through  before  the 
needle  has  sensibly  moved,  the  limit  i>f  the  y//.>/  swing  ol 
ihc  needle  i.s  a  iiieasure  of  the  iiuantity  of  electricity  that 
IiiLH    [Kissed.    Thiu    ijua  mofiortional    to 
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the   sine   u\   half   the 
syniliols  — 


angle   of    this   first   swing,    or,    m 
S 


Quantity  discliargt-d,  oc  Sin 

where  S  is  tlie  angular  value  of  the  first  swing. 

Most  sensitive  reflecting  galvanometers  may  be  used  for 
making  this  measurement,  but  one  built  specially  for  the 
i)ur])ose  is  better,  and  is  known  as  a  hi/lislic  galvanometer. 


I 'L  I :alluiic  Calnnomelcr. 

The  particular  modifications  required  are  directed  to 
reducing  to  a  minimum  all  sources  of  kinetic  and  magnetic 
frittion.  which  tend  to  retard  the  motion  of  the  needle, 
though  tlu  V  might  not  a  (Ted  its  sleady  deflection.  Surh  an 
nistrumcnt,  designed  by  Messrs.  Nalder  Broibert,  is  .shown 
in  Fig.  187.  The  coils,  one  of  which  is  swung  back  loxhow 
the  suspended  magnets,  are  in  clKinitc  ciues,  .ind  all  inetal 
iniiunliiig!,  are   renmved    Irmn    ihc    iv  'iv 

m.igiK-ls.     'I'hcre  arc  foui  of  these  Jiv  <ii 
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Ihc  usual  way,  two  at  the  centre  and  one  eath  at  the  top 
and  iMjttoin  of  the  coils.  They  form  an  astatic  system, 
and  to  reduce  the  air  friction,  when  they  revolve,  to 
a  minimum,  they  have  externally  the  form  of  cylinders 
whose  axes  arc  in  the  axis  of  sus(Kmsion.  Such  a  system 
when  once  set  swinging  encounters  very  little  friction,  and 
will  swing  for  a  long  time  liefore  coming  to  rest.  It  is, 
therefore,  well  adapted  to  measure  the  impulse  given  Uy  a 
sudden  discharge  through  the  toils,  for  the  needle  will  reach 
the  end  of  the  first  swing  without  having  lost  by  friction 
much  of  the  energy  imjjarted  to  it.  The  mirror,  /,  also  is 
made  very  small,  so  as  not  to  disturb  the  air  much  when 
moving.  The  controlling  magnet,  M,  is  (jlaced  where  it 
ought  to  be,  on  a  level  with  the  centre  of  the  astatic  system, 
instead  of  in  the  usual  position  above. 

A  Hallistir  (Jalvanonieler  should  l)e  u.sed  for  the 
measurement  of  permeability  desiribed  on  page  325,  for 
the  accuracy  of  the  mea.surement  depends  upon  the  correct 
estimation  of  the  <|uanlily  of  eleclricily  set  in  motion  by 
magneto-electric  induction, 

Galvanonulcrs  fur  AfeasHrinx  Lt'n^t  Currtnts. 
The  cnonnous  development  during  the  last  ten  or  twelve 
years  of  electric  lighting,  and  the  use  of  large  currents  of 
electricity  for  other  j)urposes,  has  created  a  demand  for 
accurate  galvanometers  specially  .adajjled  for  the  measure- 
ment of  such  currents.  Some  of  the  difficulties  met  with 
in  constructing  sensitive  galvanometers  are  eliminated  by 
the  change  of  conditions.  For  instance,  the  magnetic 
fields  set  up  by  large  currents  are  stronger  than  those  due 
to  small  currents,  and,  therefore,  the  mechanical  forces  that 
may  Ije  <:alled  into  play  by  them,  though  still  small,  are  not 
so  excessively  ininule  as  to  reijuire  the  most  delicate  refinc- 
ment.s  of  a  Physical  Laboratory  to  detect  and  measure 
them.       The  efforts  of   constructors  have,   therefore,  Iwen 
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directed  to  other  points,  amongst  wliicli  tlic  t:hief  l>;w  been 
to  |)riK]ucc  an  instrumetil  entirely  self-contained,  whose 
indications  shall  not  ( hange  from  day  to  day  or  from  year 
to  year,  and  shall  not  be  affected  by  the  maj{netic  fields  met 
with  in  rooms  where  dynamos  arc  working,  or  in  the 
neighbourhood  of  large  currents.  Also,  as  the  instiuments 
have  to  be  used  by  workmen  untrained  in  the  inlriiaicies  of 
electrical  science,  they  must  directly  indicate  at  a  glance  the 
number  of  amperes  passing  through,  just  as  a  go<"Kl  clock 
shows  the  time  of  day,  or  a  thermometer  the  temperature  of 
the  room  in  which  it  is  placed.  They  niust  also  not  be 
ilamaged  by  somewhat  rough  usage.  For  c onvenicn<-c  gal- 
vanometers for  measuring  large  currents  are  usually  referred 
to  as  Amf'tremchri,  or  more  briefly,  Ammeters.  f>l  ihi.s<- 
in  use  we  can  only  describe  one  or  two. 

In  most  of  the  sensitive  instruments  that  we  have  de 
scribed,  the  conlrdlling  force  tending  to  bring  the  ne«.-dle  back 
to  xcro  has  been  the  magnetic  actiort  of  a  field  set  up  by  the 
earth,  or  some  external  and  usually  weak  m.-ignct.  For  our 
present  purpose  such  a  method  of  control  would  obviously 
be  useless,  as  the  controlling  force  would  vary  enormously 
if  the  instrument  were  placed  near  dynamos  or  large  and 
varying  electric  currents.  In  many  instruments,  therefore, 
a  mechanical  fon  e,  such  as  that  of  gravity  or  of  a  coiled 
spring,  is  useil  to  bring  the  movable  part  of  the  instrument 
to  its  zero  position.  Where  magnetic  controls  are  used,  the 
magnetic  field  n)ust  be  a  part  of  the  instrument  and  very 
powerful,  so  as  not  to  be  appreciably  distutlx-d  by  the 
external  influences  to  which  we  have  alluded. 

One  of  the  earliest  instruments  to  fulfil  the  sjiedfietl 
conditions  in  a  fairly  satisfactory  manner  was  the  Pemiartcnt 
Magnet  Auuiieter  of  Professors  Ayrton  and  Ferry,  by  whom 
the  name  .\mmeter  »vas  first  used.  An  external  \icw  of  one 
form  of  tJie  instrument  is  given  in  I'lg.  r88,  and  the  cnen- 
tial  details  of  construction  nre  tihown  in  Fig.  1S9.     The 
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controlling  field  is  that  set  up  by  the  powerful  permanent 
steel  magnet,  M  M,  in  the  narrow  gap  between  the  soft  iron 
pule- pieces,  1'  P.  The  needle  is  contained  in  the  brass  lube, 
which  is  mounted  between  the  [x>les ;  it  consists  of  a  little 


oblong  pic<e  of  soft  iron  with  rounded  ends,  and  is  fixed  to 
the  same  spindle  that  carries  the  long  alutniniiini  pointer 
which  ser\'es  as  an  indicator  of  its  position.  The  needle 
itself  is  not  shown  iti  l''ig.  i8i^  being  hidden  by  ihe  lube. 
The  spindle  is  mounted   in  jewelleii  centres,  so  that  the 
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needle  and  pointer  move  wiih  very  little  friction.  A  A  is  a 
brass  tui>e  which  fomjs  the  core  of  the  coil,  and  on  which 
it  is  wound.  When  a  current  is  passed  through  this  coil, 
its  internal  lines  of  force  (low  parallel  to  the  axis  of  A  A, 
and,  therefore,  at  right  angles  to  the  lines  of  force  l>etwcen 

the  poles,  P  P. 
I'hus  the  liitlc  soft 
iron  needle  takes 
up  some  position 
intermediate  be- 
tween these  two 
directions,  and  the 
greater  the  current 
the  greater  the 
deflci  tion.  By 
properly  propor- 
tioning the  differ 
ent  parts  of  the 
in.slrunienl  the  de- 
Hcctions  ran  be 
made  proportional 
to  the  current  up 
to  45'  degrees  or 
more.  !•'  F  are  soft 
iron  cores  that  can 
be  screwed  into,  or 
out  iif.  A  A,  to 
assist  in  adjusting 
the  instrun)cnt,  and  the  additional  parts  seen  in  Fig.  iSS 
arc  for  purposes  of  adjustment  and  ( alibration,  to  which 
wc  need  not  refer. 

In  oilier  insiruimnts  in  which  magm-lic  controlling 
fields  arc  used,  the  (leriiiancnt  steel  magnet  is  repUied  by 
an  elcctro-magnct,  which  is  excited  either  by  the  whole  or  by 
a  |>art  of  the  current  passing  through  the  instnuncnl.     Tin- 
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Ele(.  tro-Dyhamometers. 


365 


amperemeters  of  Messrs.  Croinpton  and  Kapp,  and  some 
of  Messrs.  Paterson  and  Coo|ier's  instruments,  belong  to 
this  class.  'I'hc  general  i)riiicip)e  will  be  understood  from 
our  description  of  the  (lermanent  magnet  ammeter ;  it  would 
lead  us  too  far 
into  technical  de- 
tails if  we  at- 
tempted to  discuss 
the  relative  ad- 
vantages and  dis- 
advantages of  the 
two  methods. 

We  turn  now 
to  instruments  in 
which  the  me- 
chanical efTect  of 
the  magnetic  ac 
lion  of  the  current 
is  counter- 
balanced and 
measured  by  or- 
dinary mechanical 
and  non-magnelii 
forces. 

I'he  Siemens 
Electro-Dyna 
mometer,  which 
was  the  first  widely- 
used  inslruinenl  to 
employ  a  mechani- 
cal method  of  control,  is  shown  in  Fig.  \  90.  The  conductor 
carrying  the  current  is  partly  fixed  and  partly  movable.  "1  he 
current  is  first  led  from  the  binding-screw,  .5,  through  a  fixed 
coil,  A  A,  mounted  with  its  plane  vertical  as  shown  ;  it  then 
[usses  ton  mercury  cup  contained  in  the  block  immediately 
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)clow  the  coil.      Into  this  mercury  cup  there  freely  dips 
one  mil  (if  the  movable  roil,  \V  \V,  which  usually  consists  of 
1  single  lum  of  stout  copper  wire,  the  other  end  of  which 
Wngs  Jrecly  in  a  mercury  cup,  y,  in  the  liase  of  the  instru- 
ment ;  this  mercury  cup  is  connected  to  the  binding  screw 
I,  from  which  the  current  is  led  away  to  the  other  parts  of 
ihc  circuit.      The  course  of  the  current  will,  perhaps,  be 
idler  undei^tood  by  reference  to  Fig.  191,  in  which  the 

fixed  coil  is  liiagrara- 

1 

I 

niati(ally  represented 
by     a     single     loop, 
A  B  C  n,  one  end  of 
which  is  attached  to 
a  binding  screw  and 
the  other  to  the  out- 
side  of  the   mercury 
cup,  m.     The  movc- 
;<blc  coil,  E  I'Cf.  has 
its  ends   dipping  into 
the  two  mercury  cups, 
m  an»l   «',   and   the 
1  "tli-r  (m)  is  directly 

. .  .-.,«.»■',  (.,.,11.. 

•m««f. 

(iinnetlcd      in       U)c 

other    binding-screw. 

oincd  in  sfria,  and  th* 

Now  the  mechanical 

loils  is,  ecelcris  paril'Mt, 

,  and  is,  ihcrcforc,  pro- 

ctirrcnts.     Thus,  where 

force  must  l)c  proptw- 

»/  />•  /Vw//!  or,  as  it  is 

rrrrnf. 

is  su(ip<)nc(i  i)y  n  silk 
of  the  mstmrncnt,  ami 
ibc  lower  end  of  a  long 

1 

1  111-  uvo                     '     "    '     iricrtlly  j 

L 

tante  mi                                .'>  cich. 
(in  V  ItclHt  i-n  tvra  mnvnt  carrying 
«iu|tiiiiiiinAl  lo  (he  ciiircnl  in  each 
mhiiiimaI  to  the  f>roduct  of  the  two 
l»r  lwv>  -                                  inc,  the 
ltM\<il  to    '                                    cutret 
(wmlly  viiH«l,  Ui  the  s^futtn  >>f  tke  n 
The  tvt<iuhl  itf  the  huiN'iMe  coil 
liicfld  iviUihrd   •«  the  up|ier  [art 
lini'  U  (lUo  AlUt  licti  In  the  iroil 
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and  closely-coiled  spiral  spring,  N  (Fig.  191) ;  I  he  upper  end 
of  this  spring  is  made  fast  to  the  spindle,  T,  that  carries  the 
indicator,  M.  A  pointer,  I',  attached  to  the  coil  shows  its 
[Kisition  on  the  graduated  circle.  It  will  he  noticed  that 
when  the  movable  coil  is  in  the  position  shown  in  the 
figure,  it  is  at  right  angles  to  the  fixed  coil,  and  the  action 
l)etween  the  magnetic  fields  of  the  coils  is  such  as  to  tend 
to  drag  the  movable  coil  into  the  plane  of  the  fixed  coil, 
so  that  their  fields  shall  coincide.  The  relative  directions 
of  titc  two  curreuts  are  so  arranged  that  this  has  to  be  so 
accomplislKrd  by  a  counter-clockwise  rotation  of  the  coil,  W, 
or  a  movement  of  the  pointer,  1',  to  the  riyht.  If  now  the 
spindle,  T,  be  turned  in  a  t:lockwise  direction,  the  spiral  spring 
drags  the  coil  and  its  pointer,  P,  to  the  left  with  a  force 
proportional  to  the  angle  turned  through.  There  i.s,  there- 
fore, for  each  current,  some  position  of  the  indicator,  M, 
where  the  mechanical  drag  of  the  spring  to  the  left  exactly 
balances  the  drag  of  the  two  magnetic  fields  to  the  right, 
and  the  pointer,  1',  stands  at  zero.  When  this  i.s  the  case, 
the  reading  of  M  mea.surcs  the  current  jtassing, 

From  what  we  have  said,  it  will  be  seen  that  the  angle 
through  which  M  is  turned  is  proportional  to  the  sipiarc  of 
the  current,  or,  in  other  worxls,  the  ciirntil  h /•ni/mrliomil  lo 
Iht  si/iiarc  root  oj  the  tirn^/e,  when  I*  stands  at  zeri».  This 
sijuare  root  multiplied  by  some  constant  will  give  the  current 
in  ampl-res.  The  constant  for  c.tch  instrument  has  to  be 
ascertained  by  dire<'t  experiment. 

'I'he  .Siemens'  Klccini-Dynamometer  may  be  taken  as 
a  type  of  a  large  number  of  instruments  known  as  stro 
instruments.  In  all  these  the  tendency  of  the  movable 
part  lo  move  when  the  current  passes  is  counteracted  by 
some  adjustment,  and  the  indicator  of  the  movable  p-irt  is 
brought  Ixick  to  /:ero  before  a  rending  is  taken.  The 
amount  of  the  adjustment  necessary  is  then  taken  as  the 
reatling   of  tl>c  instrument.      The  necessity   for  such   an 
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adjustment  is  obviously  a  tlisailvantai'c  if  the  cum-iit  Ik- 
not  perfectly  steady. 

Ajrrton  and   Perry's    Magnifying   Spring   Am 
meter  is  a  widely  used  instrument,  in  which  the  controlling 


Magitifying  Spriut;  Ammeter. 


force  i.s  that  due  to  the  axial  strt^trhing  of  a  coiled  spiral 
spring,  and  the  amount  of  ihe  stretching  is  magnified  by 
the  spring  itself,  whi<:h  is  ingeniously  conslru<te<l  for  this 
puq>asc.  'I'he  ni.ignctic  principle  employed  is  that  ulrcailjr 
referred  to  and  illustrated  on  (lagc  166,  namely,  that  a  Hoft 
iron  rod  placed  unsymmclricxiUy  on  the  axis  of  a  solenoid 
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is  drawn  into  the  solenoid  when  the  current  piisses.  The 
construction  of  the  instrument  is  shown  in  Kig.  192.  The 
spare,  VV  W,  is  filled  with  the  horizontal  coils  of  a  solenoid 
whose  axis  is  vertical.  T  T  is  a  thin  tuhe  ot'  very  soft  iron, 
the  u|)per  end  of  which  is  outside  the  solenoid,  and  carries 
a  cap  and  pointer ;  this  cap  slides  freely  on  the  spindle,  />, 
which  is  fixed  to  the  glass  top  of  the  instrument.  The 
lower  end  of  TT  is  attached  lo  the 
cap,  C,  which  carries  the  lower  sjiindle, 
P,  the  latter  being  free  to  move  up  and 
down  in  a  hole  in  the  base  of  the  in- 
strument. The  iron  tube,  with  its 
accessories,  is  hung  from  the  lower  end 
of  a  long,  thin,  spiral  spring,  S,  made 
of  hard  phosphor-bronze,  which  pa.<!scs 
down  through  the  axis  of  the  tube.  The 
upper  end  of  the  spring  is  made  fast  to 
the  spindle,  />. 

The  spring  itself  is  of  a  peculiar 
construction,  which  will  be  better  under- 
stood by  reference  to  Fig.  193,  in  which 
a  few  turns  of  it  are  shown  on  a  larger 
scale.  It  is  somewhat  like  a  closely- 
coiled  wood  shaving,  and  has  this 
peculiar  |)roperly — that  if  one  end  be 
fixed  and  the  other  end  be  slightly 
drawn  out  in  the  direction  of  the  axis,  this  free  end 
will  turn  through  1)  large  ani^le  for  a  very  smttll  ex- 
tension. 

The  action  of  the  instrument  will  now  be  readily  under- 
stood. When  the  current  passes,  the  solenoid  sucks  in  the 
soft  iron  tube,  T  T ;  in  doing  this  it  extends  the  spiral 
spring,  S,  whose  lower  end  is  aitacheil  to  the  tube.  But  this 
extension  of  the  spring  causes  its  lower  end,  and  with  it  the 
iron  tube,  to  rotate  through  an  angle  which  is  very  large  for 
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Fig.  ny.  —  Ajrrtori     and 
Perry's  Mjgnif)*ing  Spring. 
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a  small  extension,  and  the  aninunt  nf  the  rotation  is  indi- 
cated by  the  pointer  on  the  dial. 

The  dial,  inslcnd  of  being  niiirked  with  degtees,  is 
graduated  with  the  ain|)^res  necessary  to  produce  the 
various  dcfleeliuns,  and  thus  the  instrument  hdircii  mtding. 
When  the  iron  of  the  tube  luts  once  become  "  saturated," 
the  increase  in  the  deflection  is  directly  proportional  to  the 
increase  in  the  current,  a  property  which  has  various  ad- 
vantages in  practice.     The  ends  of  the  solenoid  wire  are 

attached  to  the  two  external 
binding-screws  seen  in  the 
figure. 

Finally,  we  shall  describe 
a  tyi>e  of  instrument  which 
has  come  largely  into  use 
during  recent  years,  and  in 
which  the  controlling  force 
is  due  to  gravity.  The 
particular  instrument  illus- 
trated is  made  by  Messrs. 
Naldcr  Brothers  and  Co. 
Fig.  1 94  shows  the  np|>car- 
nnce  of  the  in&trament, 
whilst  Fig.  195  gives  front  and  side  views,  with  the  essential 
internal  details.  From  the  external  terminals.  TT,  which 
in  Fig.  194  are  in  front  but  in  Fig.  195  arc  behind,  the 
current  is  lead  to  a  coil  which  is  wound  on  the  bobbin,  />/>, 
which  has  a  large  central  hole,  cc.  In  this  hole  is  placed 
the  soft  iron  needle,  «,  consisting  of  a  bundle  of  fine  wires 
attached  by  a  lever  arm  to  the  nxic,  a,  which  is  plwcd 
eccentrically  in  the  hole — that  is,  the  axle  is  a  little  b'elow 
and  to  the  left  of  the  centre  hue  of  the  coil.  The  pointer. 
/,  is  attached  to  the  same  axle,  which  works  in  jewelled 
pivots,  and  the  whole  pivoted  system  is  then  so  luLinrcd 
that  when  the  instniinetit  is  placed  in  the  vertical  iMMiition, 
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/  puinls  to  the  zero  mark  on  the  scale  .v  f.  The  action  of 
the  instrument  can  now  be  easily  imtterstood.  When  the 
current  flows  through  the  coil,  /'  li,  a  magnetic  field  is  set  up 
in  the  central  hole,  cc.  This  field  is  much  weaker  at  the 
centre  of  the  hole  than  near  the  boundaries.  The  soft 
iron  needle,  «,  magnetised  by  this  field,  though  not  at  the 
centre,  is  also  not,  when  the  pointer  is  at  zero,  in  the 
strongest  part  of  the  field.  It  is  so  mounted  that  it 
is  free  to  move  further  out  from  the  centre,  and  actually 
does  so,  for,    as   we   have  already  explained,   a  piece   of 
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soft  iron  placed  in  n  non-uniform  magnetic  field  always 
liiiifs  to  move  to  the  strongest  part  of  the  field.  But  as 
soon  as  it  so  moves,  the  force  of  gravity  is  called  into  play 
and  lends  to  bring  back  the  pivoted  system  to  the  zero 
Ix>sition.  As  the  drag  of  the  magnetic  field  on  the  needle 
increases  with  tlie  current,  the  pointer  under  the  opposing 
forces  takes  up  difierent  positions  for  different  currents. 
These  positions  arc  ascertained  by  actual  experiment,  and 
the  <  iincs|)(iii<ling  currents  markevi  on  the  scale,  >  < 

Standard  Galvanometers. 

The  (lalvanometers  we  have  now  described  measure  the 
electric  current,  as  we  have  pointed  out  on  |)agc  336,  by 
measuring  in  various  ways  the  strength   of  the   magnetic 
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field  in  its  neighbourhood.  Knowing  the  connection 
between  the  magnitude  of  the  current  and  the  strength  of 
the  magnetic  field  which  it  sets  U|)  umlcr  given  circum- 
stances, we  ought  to  lie  able  to  calculate  from  the  eft'ect 
produced  the  magnitude  of  the  current  producing  it. 
Lliiforlunately,  in  most  instruments  this  is  only  theoretically 
possible,  for  the  practical  details  of  tlie  calculation  defy  the 
[>owers  of  the  most  advanced  modern  mathematical  analysis. 
The  exact  position  of  each  bit  of  wire  carrying  the  current 
would  have  to  be  known  with  greater  accuracy  than  is 
possible  in  any  form  of  sensitive  galvanometer,  and  even  if 
this  initial  dilliculty  were  overcome,  the  calculation  would 
still  be  too  complicated  for  successful  attack. 

But  by  simplifying  the  instruments,  enlarging  the 
dimensions  of  the  coils  so  as  to  make  accurate  measure- 
ment easier,  and  attending  to  the  precautions  indicated  by 
theory,  galvanometers  can  be  constructed  such  that  the 
current  required  to  produce  a  certain  deflection  can  be 
calculated  beforehand.  These  instruments  arc  called 
Sliindiirii  Golvanomdcrs,  for  by  comparison  with  them  the 
other  and  more  sensitive  instruments  can  be  calibrated. 

Hut  first,  what  is  the  connection  between  the  magnitude 
of  the  curicnt  and  its  magnetic  field  ?  This  question  is  not 
easy  to  answer,  as  all  the  circumstances  must  be  taken  into 
account,  but  one  of  the  simplest  ways  of  slating  it  is  the 
following,  which  may  be  taken  as  the  electromagnetic 
detinition  of  the  ampi.re  : — The  tumnt  u-huh.  Jl'ncin::.  in 
ii  omdiKlor  Itn  irntiindrts  /ort^  Ptnl  into  u  lin-uhtr  arc  of  one 
Cfntimftie  radius,  acli  acrOSS  air  with  ii  forn  of  one  dyiu 
on  It  unit  uM^uelic  pclr '  plai\-d  at  tht  ctnin,  is  etiJM  a 
currtnt  of  oik  ampere  This  definition  is  illustrated  in  Fig. 
1 90,  which  IS  dr.iwn  to  scale.  The  current  is  to  enter  at  «, 
and  is  to  pass  iibout  1 ,',  times  round  the  spiral,  which  is  of 
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one  cpMiiineire  radius,  to  //  ,■  if,  then,  the  magnetic  force,  set 
ii|)  along  the  axis  of  the  spiral  at  /  in  the  direction  of  the 
arrow,  is  such  as  to  act  upon  a  unit  magnetic  pole  placed 
there  with  a  mechanical  force  of  one  dyne,  the  current  is 
a  current  of  one  ampere.  "I'he  reader  should  notice  how 
very  carefully  all  lengths  and  distances  have  to  lie  specified 
in  this  definition,  and  how  the  necessity  for  this  specification 
comj>licates  it,  as  compared  with  the  electrolytic  definition 
given  on  page  305.  The  only  awkward  number  in  the 
latter  is  the  quantity  of  silver  deposited  by  one  coulomb  of 
electricity.  Had  the  electrolytic  defi- 
nition preceded  the  electro-magnetic, 
a  simpler  number  would  [irobably  have 
been  chosen  ;  but  the  magnitude  of  the  ''T 
ampL-re  was  ori[;inally  fixed  by  the 
electro-magnetic  definition,  and  the 
electrolytic  number  given  by  expcri- '''''!•  ""(•-j*',:;^,';^;^'^"'""'' 
ment  as  corresponding  to  that  defi- 
nition had  to  be  adopted,  or  we  should  have  had  two 
conflicting  units  of  current. 

Now,  it  is  practically  impossible  to  make  the  current 
suddenly  start  into  existence  at  n  (Fig.  196)  and  disajipear 
at  /',  because,  as  we  know,  all  currents  must  flow  in  closed 
circuits.  Hut  we  also  know  that  the  magnetic  effect  at  /  is 
projwrlional  to  the  length  of  conductor  carrying  the  current, 
provided  nil piirls  of  that  conductor  are  equidistant  from  /. 
Thus  we  are  enabled  to  close  up  our  circles  and  then 
dispose  of  the  wires  leavling  to  the  battery  in  such  a  way  as 
to  produce  no  magnetic  eflcct  at/  Also,  since  the  force  at 
/  is  mversely  as  the  radius  of  the  circle,  we  can  use  larger 
circles  than  those  of  one  centimetre  radius  mentioned  in 
tlie  definition. 

On  these  principles  the  7>/«^r«/  Galranomtlfr  is  con- 
structed. One  i)altern  is  shown  in  Fig.  (97.  The  conductor 
consists  of  a  nearly  closed  ring,  rr,  of  copper  strip  ;  the 
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lower  ends  of  the  strip,  instead  of  nieeting  to  tompiete  the 
rircle,  are  brought  close  together,  turned  sh.in:>lj'  at  right 
angles,  and  led  to  the  Iwo  binding-screws,  It,  from  whirh 
connections  can  lie  niadr  with  the  rest  of  the  circuit.  The 
strip  is  kept  in  its  circular  form  by  being  firmly  clamped  to 

a  concentric  and 
more  massive  ring, 
R  R,  which  is 
grooved  and 
carries  a  coil  of 
many  turns,  whose 
ends  are  connected 
to  the  binding- 
screws,  a,  and 
which  is  used  for 
measuring  small 
currents.  These 
coils  are  mounted 
so  as  to  turn  freely 
round  the  vertical 
pillar  at  the  bot- 
tom, and  this  pillar 
is  carried  by  the 
massive  circular 
base,  which  is  pro- 
vided with  levelling 
screws,  so  that  the 
plane  of  the  coils 
(an  Ik'  adjustc<l  until  it  is  truly  vertical.  At  the  common 
centre  of  the  eiif  ks  there  is  rigidly  supported  the  box,  M, 
containing  the  suiiiiendcd  mirror,  with  the  little  m-ignet*  at 
it.s  liack,  a*  in  the  ordinary  reflecting  galvanometers.  'n>e 
mirror  and  nugnets  are  suspended  l)y  a  long  fibre,  which 
hangs  down  from  the  screw,  s,  .it  the  lop  of  the  tube.  The 
movements  of  the  mirror  .^nd  its  magnets  ^\k  iil.)t*erved  in 
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the  usual  way,  with  cither  telescope  or  lamp  and  srale. 
The  controlling  field  iismlly  cm|tloyod  is  that  of  the  earth 
;ind  the  strength  of  this  field  has  to  be  determined  care- 
fully by  independent  evperimcnts. 

In  usin}{  the  instrument  it  must  first  be  set  so  that  the 
plane  of  ihc  ring,  rr,  lies  in  the  magnetic  meridian.  It 
should  ihen  be  carefully  levelled  until  the  litlle  magnet  and 
mirror  lie  at  the  centre  of  the  large  ciri  ie.  If  these  adjust- 
ments are  carefully  made,  we  know  that  ihe  lines  of  force  at 
the  needle,  due  to  a  current  In  the  coil,  will  be  iil  rifiht  angles 
to  the  lines  of  force  of  the  earth's  field.  When  this  is  the 
case,  the  conditions  for  the  tnnj^tiit  /me  referred  to  below, 
and  from  which  the  instrument  takes  its  name,  are  fulfilled. 

When  the  instrument  is  i)roper!y  constructed  and  ad- 
justed the  calculation  of  the  current  that  will  produi-e  a 
particular  deflection  is  very  simple,  'riuis,  if  C  be  ihe 
current  in  the  ring,  in  amiK-res,  and  r  the  radius  of  the 
ring,  measured  in  centimetres,  we  know  ih.Tl  the  length  of 
the  ring  is  i  v  r  (where  7r  =  3'i42),  and  \\r.\x  the  strength 
of  the  magnetic  field  at  the  centre  is 

2irrr"       »rC 

If  now  H  be  the  ascertained  strength  of  the  earth's 
controlling  field,  the  needle  will  take  up  such  a  position 
that  the  tangent  of  the  angle  of  dedection  (A)  is  e<iual  to 
the  ratio  of  the  strengths  of  these  two  field.s.  Thus  we 
have 
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For  a  given  angular  dclleclinn,  A,  all  the  quantities  on 
the  right-hand  side  of  this  last   eijuation  are  known,  and, 
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therefore,  the  ciirreiii,  C,  that  will  iirodutc  that  detlection 
can  be  Mlciilatcd.  Thus,  if  rr  Lie  50  centimetres  (about 
JO  inchesj  in  diameter,  the  current  required  to  produce 
a  deflection  of  45'  in  I-ondon  will  be  very  nearly 
equ.TJ  to  7'i6  amperes.  A  slight  correction  must  be 
introduced,  because  of  the  small  gaji  in  the  circle  at  the 
lowest  part. 

The  sensitiveness  of  the  tangent  galvanometer  may  be 
increased  by  replacinj;  the  single  conducting  ring  of  nietal 
by  several  turns  of  wire  wound  in  a  groove,  .ind  rlimini^liinL; 
the  diameter  of  the  coil. 

For  a  first  ajiproximalion,  the  forinuLi  alre.idy  given 
for  the  current.  C,  that  will  produce  a  deflection  A  in  this 
galvanometer  ma)  be  used  ;  but  r  must  be  the  mean  or 
average  radius  of  nil  the  turns,  and  the  right  hand  side 
must  lie  divided  by  «,  the  total  number  of  turns  in  the  toil. 
For  exact  standard  work,  corretlions  must  be  made  for  the 
displacement  of  some  of  the  turns  from  the  jtlanc  contain 
ing  the  centre  of  the  magnet ;  but  into  the  details  of  these 
we  need  not  enter.  The  point  to  notice  is,  that  though 
We  gain  sensilixeness,  we  also  cnmplicate  the  calculations 
required  for  exact  work. 

All  these  galvanometers,  as  their  name  implies,  follow  a 
/(T»/,r/// Aire-  that  is,  the  currents  are  not  proportional  to 
the  aii^iiliir  deflections  they  produce,  but  to  ihe  tangents 
of  Ihe  angles.  If,  therefore,  the  scales  arc  graduated  in 
ordinary  degrees,  a  tabic  of  tangents  must  be  used  to  obtain 
the  relative  values  of  the  various  deflections.  It  is  thus 
more  convenient  to  at  once  mark  the  scale  with  numbers 
proportional  to  the  tangents  of  the  various  angles,  instead  of 
marking  the  angles  themselves  ;  this  scale  will  then  at  once 
give  the  relative  values  of  the  currents  which  produce  the 
rlin"crent  dcllections.  Such  a  scale  i.s  represented  in  the 
lower  half  of  F'ig.  198,  which  is  n  roj>>'  of  the  xeale.'s  often 
Au|iplied   with   tnngeiit   guK^numelen.     The  numbers  on 
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this  lower  half  arc  directly  proporlimial  in  ilie  i  iirrents 
whiih  will  prodiu'c-  the  v.irioiis  (ielk(  lions.  The  upper 
semii  ircle  is  graduateil  in  ordinary  degrees,  su  that  the 
observer  may  use  either  the  complicated  or  .simple  method 
of  observation. 

The  galvanometers  just  described  are  standard  instru- 
ments in  the  strictest  sense  of  the  word,  in  that  the  current 
producing  .i  given  dellection  can   be  calculated  when  the 
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details  of  construction  are  known.  The  term,  howe\-er,  is 
sometimes  applied  to  instruments  in  which  the  current 
cannot  be  so  calculated  beforehand,  but  lohose  calibration 
is  not  liable  to  chani^e :  that  is,  instruments  in  which  the 
same  current  may  reasonably  be  expected  always  to  pro- 
duce the  same  effect.  On  these  inslriitnents  the  controlling^ 
farce  is  usually  non- magnetic.  The  Siemens'  lOlectro-dynamo- 
meter,  nlre.i<ly  de.scribed  (page  365),  is  of  this  type,  since, 
with   nioilcr.iii-  (  mi-,  the  ciintrolling  force  of  the  cylindric 
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spiral  spring  should  remain  iiiwhftngcd  for  mnny  years,  and 
the  iiiter.-K'tini,'  cdils  always  have  the  same  relative  jtosition. 
To  another  type  belong  the  so-called  current  icfightrt, 
in  which  the  attractions  of  co-axial  roils  are  balanced 
against  a  gravitation  force.  These  instruments  have  re- 
cently been  brought  tn  great  perfection  by  l.ord  Kelvin, 
who  has  successfully  overcome  numerous  practical  ditTiculties 
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in  their  construction.  The  method  was  also  cmploycxl 
by  Lord  Rayleigh  in  1884,  in  his  classical  research  on 
"  The  lilcitro  Chemical  l'>piivalenl  of  SiUTr."  '  TIk- 
principle  is  illustrated  (li.igranunaticnlly  in  I'ig.  191;.  A  coil 
of  wire,  a  (shown  in  .'ie<:lion),  is  suspended  from  the  beam  of 
a  Iwlanrc  so  that  the  planes  of  the  windings  arc  hori^ontal. 
Another  coil.  A,  is  placed  lielow  it  un  a  horizontal  tabic,  and 
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so  that  the  axes  of  ihc  two  coils  coincide.  Connections  are 
arranged  l>)'  whith  iht-  <-iirrcnl  to  Ik-  measurer!,  or  w(i;^heJ, 
can  l.>e  passed  tlnough  the  two  coils  placed  in  series,  and 
the  figure  also  shows  a  commutator,  by  which  the  current 
can  he  reversed  in  o  without  its  direction  being  altered  in  A. 
The  wires  by  which  the  current  is  led  to  and  frt>m  i»  are 
placed  so  as  to  disturb  the  .iclion  of  the  balajjcc  as  little  as 
possible;  the  coil,  </,  is  rouiitcrbalanced  by  weights  in  the 
opposite  scale-pan,  and  its  position  is  accurately  noted  before 
any  curroits  are  passed  through.  On  passing  the  (iirrent, 
the  coils  either  mutually  attract  or  nnilually  repel  one 
another;  if  the  currents  in  the  two  coils  are  both  in  the 
same  direction  — r..«,'.,  both  clockwise,  as  seen  from  above — 
there  is  attraction  ;  whereas  if  they  are  in  opposite  directions 
ihcrc  is  rcptilsioii.  I'hc  forces  thus  broitght  into  i)lay  arc 
rounterbalan<ed  by  altering  the  weights  in  the  scale-pan 
until  the  suspended  coil  returns  to  its  original  position;  or, 
l)etter  still,  balaiice  is  first  obtained  when  the  ciirrenls  are 
repelling,  and  then  by  means  of  the  commutator  the  current 
in  a  is  altered,  so  that  the  repulsion  Ijccomes  an  attraction, 
and  the  .additional  weights  necessary  to  restore  C(|itilil)rium 
and  bring  a  baf  k  to  its  zero  position  are  addecl.  These 
weights  measure  the  forces  .acting  between  the  two  coils 
which,  in  their  turn,  arc  simply  projinrtional  to  the  currents 
in  e.ach,  and  thus  these  currents  are,  as  it  were,  wd^lidt : 
hence  the  name  given  to  the  instrument.  In  actual  use, 
another  coil,  similar  to  A,  is  placed  .above  a  in  a  symmetri- 
«ai  position,  and  the  current  is  also  sent  through  it  in  such 
a  direction  that  it  lends  to  recnforce  the  action  of  A,  and 
thus  the  effect,  Ix-ing  increased,  can  be  more  accurately 
measured.  This  coil  has  been  omitted  in  the  figure  for  the 
sake  of  clearness. 

When  the  coils  are  not  too  small  or  too  close  together, 
the  current  that  sets  uj)  the  measured  force  between  the 
coils  c;in  III'  I- iliiil  iii'il  rriMii  ilic  details  of  construction  and 
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the  relative  position.  It  was  in  lliis  way  that  Lord  Raylcigh 
used  the  instruineiu  as  a  standard  for  the  al)sohite  measure- 
ment oi  currents. 

In  Lord  Kelvin's  modification  the  cods  are  WrmigJit  very 
much  closer  together,  in  order  to  increase  the  sensitiveness  ; 
the  currents  can  then  be  no  longer  calculated  from  the 
observations,  but  the  instrument  Ixrlongs  to  the  stcond  class 
of  standard  instruments  referred  to  above.  It  is  made  in 
several  ways,  to  suit  different  rant;es  of  cunent.  The  par- 
ticular one  shown  in  Fig.  200  is  known  as  the  centi-ampcrc 
balance,  and  measures  currents  ranging  froni    ,in  t"  \  of 


Fig.  »oo. — Lord  Kc1vin*<  Ccnli*.\fnpi«  B.%Ulnc«. 


an  ami)erc.     Therc  is  a  coil  attached  to  e.ich  end  of  thr 
balance  arm,   whi<  h   is,  of  course,  movable,  and  each  i»f 
these  coils   is   placed  midway  between  and  ci>a.xial  with 
two   fixed    coils,   so  that   there  are  six  roils  in  nil   placed  ' 
electrically  in  scries  with  one  another.     The  elerirical  ccin-l 
nections  arc  such  that  when  the  currents  in  the  fixed  i-oils 
on  the  left  cause  the  coil  between  ihcm  to  tend  to  move 
upwards,  the  currents  in  the  right-hand  coils  tend  lo  move 
the  coil  between  them  downwnrtls,  so  thai  both  elTe<'ts  tend 
to  rotate  the  aim  of  the  balance  in  the  sanie  direeiion. 
The  axle  of  the  balance  can  be  »ccn  in  the  centre  of  the 
figure,  and  alM>  the  numerotis   fine  wires   I' 
current  i*  roineyed  between  the  fixed  and  1 
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At  the  front  the  coils  and  axle  are  attached  to  the  bar  on 
which  the  lower  of  tiie  two  scales  is  engraved,  and  at  the 
right-hand  end  this  bar  carries  a  pointer  which  moves  over 
a  short  vertical  scale,  and  indicates  when  the  lialaiice  is 
in  e<iuilibrium.  When  currents  are  flowing  through,  the 
beam  is  brought  to  the  zero  position  by  moving  along  it 
the  little  travelling  carriage,  until  its  weight  an<l  leverage 
counterbalance  the  electro-magnetic  forces.  When  in  use, 
the  balance  iscovered  with  a  square  glass  case,  and  the  little 
carriage  is  moved  backwards  and  forwards  by  means  of  a 
self-releasing  pendant  hanging  from  a  hook,  carried  by  the 
sliding  platform,  which  is  worked  by  the  silk  cords  from  the 
outside.  The  position  of  the  carriage  is  indicated  on  the 
beam  by  a  pointer  attached  to  it,  and  from  this  position, 
when  equililjriiim  is  attained,  the  current  is  known.  By 
putting  diflferent  known  weights  on  the  movable  carriage, 
the  range  of  the  instrument  can  be  varied. 

Use  of  Gahanomtttrs. 

Before  we  leave  this  part  of  the  subject,  we  may  devote 
a  line  or  two  to  a  point  which  is  often  extremely  piu/ling 
to  amateurs  when  iht-y  first  begin  to  measure  currents  with 
galvanometers.  In  speaking  of  the  sensitiveness  of  a  galva- 
nometer, that  instrument  is,  of  course,  considered  the  most 
sensitive  that  gives  the  greatest  indication  with  the  smallest 
current.  But  when  one  has  to  use  a  galvanometer  under 
given  circumstances,  one  must  remember  that  the  intro- 
duction of  a  galvanometer  into  a  circuit  increases  the  resist- 
ance of  the  circuit,  and,  therefore,  by  Ohm's  Law,  diminishes 
the  current.  The  most  sensitive  galvanometers  that  we  have 
described  have  very  high  resistances,  amounting  to  tens, 
and  sometimes  to  hundreds,  of  thous,-inds  of  ohms.  Su]>- 
pose  now  we  have  a  circuit  of  a  few  ohms  resistance,  and 
we  wish  to  measure  the  current  in  it  by  means  of  a  galva- 
nometer     if    we   were    to   introduce    into   the    circuit   a 
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galvanometer  of  10,000  ohms  resistance,  we  would  rut 
down  the  current  to  .ibnnt  one  tenthous.indth  of  its  former 
value,  and  would  not  be  measuring  this  former  value  at  all. 
But  if  our  galvanometer  has  a  resistance  of  only  a  fraction 
of  an  olm),  the  effect  on  the  current  when  it  is  intruiluicd 
into  the  circuit  may  be  quite  nej^linible,  and  we  shall 
lie  able  to  measure  very  ajiproxiniatcly  the  original 
current. 

A  similar  case  occurs  in  the  use  of  thermometers.  Any 
cold  thermometer  introduced  into  a  hot  li<)uid  to  measure 
its  temperature  must,  of  course,  cool  the  liiiuid.  If  the 
mass  of  the  thermometer  be  small  compared  with  the  mass 
of  the  ltc|uid,  the  tooling  is  inap|ireci.nble,  and  we  obtain 
very  approximately  the  temperature  of  the  hVpiiil  before  the 
iherniometcr  was  introduced.  But  if  the  mass  of  the 
thermometer  bulb  he.  much  greater  than  the  mass  of  the  hot 
liquid,  such  as  would  be  the  case  if  a  cold  bulb  two  inches 
in  diameter  were  introduced  into  sume  hot  liquid  in  a 
teacup,  the  introduction  of  the  thermometer  so  lowers 
the  temperature  of  the  licjuid  that  the  final  temperature 
given  by  the  instrument  only  enables  us  to  guess  very 
vaguely,  and  bv  cnlculaiion,  at  the  value  of  the  original 
temi)erature. 

W'c  may  1.M.11  go  a  step  hnilier,  and  enunciate  the 
apparent  paradox  that  for  some  kinds  of  work  a  galvano- 
meter wound  with  a  few  turns  of  thick  wire  is  mure 
sensitive  than  one  wound  with  many  turns  of  fine  wire, 
though  the  former  cannot  tletcrt  so  small  a  current  as  the 
latter.  The  paradox  is  explaine<l  liy  carefully  considering 
the  application  of  Ohm's  Law  to  the  two  cases.  .V  little 
thought  will  show  that,  other  things  being  equal,  a  luwr 
resistance  galvanometer  will  be  most  sensitive  for  circuits 
of  low  resistance,  and  a  high  resistance  galvanometer  for 
those  of  high  resistance.  In  the  former  the  current  would 
In   I  niirinously  reduced    by  ininulni  iti.'    tlw   hl.'h   r.".wt m.  .■ 
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galvanometer,  so  that  what  would  be  gained  in  sensitiveness 
would  be  lost  in  current.  But  In  high  resistance  circuits 
the  current  is  already  small,  hy  reason  of  the  high  resistance, 
and  therefore  a  galviuionicter  of  many  turns  of  wire,  ami 
on  that  account  of  high  resistance,  is  rei|uired  to  delect  its 
presence.  Hy  the  proviso,  "  other  things  heing  equal,"  we 
mean  that  the  two  galvanometers  compared  are  of  the 
same  pattern  and  size,  and  with  the  same  structural  det.iils, 
and  that  the  only  difference  between  them  is  in  the  length 
and  thickness  of  wire  wound  on  their  coils. 


Thkkmai.  Methods. 

'file  exact  measurements  of  electric  currents  by  means 
of  their  thermal  effects  involves  a  thorough  knowledge  of, 
and  (iractical  acquaintance  with,  the  laws  of  heat  to  a  greater 
extent  than  a  knowledge  of  the  laws  of  the  current.  It 
would,  therefore,  lead  us  too  far  away  from  our  immediate 
subject  if  we  were  to  descriljc  in  detail  all  the  precautions 
and  devices  that  must  be  used  to  obtain  an  accurate 
measurement  of  the  value  of  a  current  by  these  means. 
There  are,  however,  instruments  >vhich  use  for  purfwses 
of  measurement  some  secondary  heat  effect,  although  they 
do  not  measure  currents  by  the  actual  (|uatitiiy  o{  heat 
generated  in  a  known  resistance  in  a  given  time.  The 
particular  effect  made  use  of  is  usually  the  expansion  of  a 
flexible  wire,  caused  by  the  heat  generated  in  it  by  the 
electric  current  As  the  wire  has  to  be  flexible,  it  is  neces- 
sarily a  line  wire,  and  hence  the  currents  used  are  mui  h 
smaller  than  those  employed  in  heavy  electrical  engineering. 
The  instruments  are,  therefore,  usually  employed  not  to 
measure  the  current  passing  through,  but  the  pressure  at 
the  terminals,  by  a  method  to  be  described  ("csently. 
These  instruments  will,  therefore,  be  more  appropriately 
described  in  the  next  section. 
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((■).— Electpo-motlve  Force. 

We  (xi.ss  on  now  to  consitler  very  biJcfly  how  the 
electro-inolive  force  (K.Nf.F.),  or  lolal  electric  pressure 
in  a  circuit,  may  he  numerically  expressed  and  measured. 
In  doinf;  this,  we  shall  describe  incidentally,  if  not  chiefly, 
the  methods  by  which  the  electric  potential  dilTercncc 
(P.D.),  or  electric  pressure  between  any  two  parts  of  a 
current-carrj'ing  conductor,  is  tested.  It  is  this  latter  P.D. 
which  is  of  the  greatest  importance  to  the  user  of  the 
current.  The  full  E.M.F.  can  be  estimated  from  it  when 
all  the  data  concerning  the  various  circuits  arc  known, 
but  this  E.M.F.  is  not  always  in  itself  capable  of  direct 
measurement,  because  in  many  cases,  notably  with  dynamo 
machines,  the  stoppage  of  the  current  in  order  to  allow  the 
full  pressure  to  become  manifest  so  completely  alters  the 
conditions  of  production  as  to  make  the  measurement  of 
no  value.  liven  with  batteries,  as  we  have  seen  (page  44), 
the  available  working  E.M.F.  is,  on  account  of  |M>larisation, 
not  as  great  as  the  pressure  between  the  terminals  on 
o|>en  circuit  when  the  battery  has  been  lying  idle  for 
some  lime. 

One  of  the  most  usual  ways  of  measuring  the  P.D.  be- 
tween two  [xjints  in  a  circuit  in  which  a  current  is  flowing 
is  111  make  use  of  the  fact  that,  according  to  Ohm's  Ijiw, 
the   I'.D.   will   send  a  rert.iin  current  through  a  fixed  re- 
sistance.    If,  then,  this  fixed  resistance  includes  a  galvano- 
meter which   is  capable  of  measuring  the  current  passingj 
through  it,  the   |iroduct  of  this  current  (0)  by  the   fine* 
resistance    (R)   will   give   us   the    P.D.    (V=C  R),    whici 
causes  the  current.     Now,  as  this  niea'surcniciii  nniit  be  made 
without  stopping  the  How  of  the  current   in  the  original 
circuit  (for  the  htoppagc  niight,  and  usu.illy  would,  alter  allj 
the  conditions),  it  is  evident  that  the  galvanometer,  with  it 
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fixed   resistance,   must   bt-  in  a  shunl'  or  iKirallcl  circuit 
between  the  points  under  cimsideralion. 

The  principle  of  the  inelhud  will  he  better  muierstood 
by  reference  to  Fig.  zox.  The  upper  jurt  of  ilie  figure 
represents  tlie  general  case;  a  current  mainlarned  b)  some 
electric  generator,  nut  shown  in  the  figure,  is  (lowing  from 
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*  to  J,  and  it  is  required  to  measure  the  [lotcntial  difTerence 
between  two  |wints,  A  and  B,  on  the  conductors.  To  do 
this,  a  branch  circuit,  A  V  G  B,  is  arranged,  consisting  of 
a  galvanometer,  V  G,  of  known  resistance,  and  if  necessary, 
an  addition.il  known  resislance,  r.  If  the  nalvanometer  is 
a  direct-redding  instrument,  showing  at  once  the  number  of 

'  This  phrase  is  fully  explained  at  page   i»8,  as  well  as  in  whni 
tollows. 
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am|HTes  ur  llie  fraction  oC  an  ;ini|K."re  that  is  passing 
through  it,  then  tlie  proilint  of  this  current  by  the  total 
resistance  of  llie  branch  A  X  Ci  \\  will  give  the  V.Vi.  be- 
tween A  and  B  af  the  moiiienl  the  nieiisiiremeiit  /.r  made. 

The  lower  part  of  the  figure  is  intended  to  represent 
diagraintnaticaily  the  measurement  of  ihe  IM).,  at  which 
current  is  supplied  to  a  house  from  public  supply  nuins  in 
the  street.  .vA  and  j- K  are  respectively  the  f)ositivc  (+) 
and  negative  ( — )  mains  of  the  supply  company.  At  A 
and  H,  the  +  and  -  house  mains  A  C  and  H  D  arc 
attached.  The  current  enters  the  house  at  A  and  leaves  at 
B,  and  finds  its  way  from  A  C  to  B  D  through  the  lamps, 
motors,  and  various  appliances  in  the  house ;  one  of  these 
is  shown  at  <7,  and  we  are  not  now  con<:emed  with  their 
number  or  purposes.'  The  question  is  to  measure  the  P.O. 
I)ctween  A  and  B,  as  this  is  one  of  the  factors  of  the  electric 
energy  delivered  to  tiie  house.  We  ])roceed  in  exactly  the 
same  way  as  in  the  general  case.  A  galvanometer,  V  G, 
with  an  additional  resistance,  r,  if  necessary,  is  joined  up  to 
A  and  B,  and  the  current  passing  through  this  branch 
circuit  measured.  The  product  of  this  current  by  the 
known  tcsistance  of  the  branch  A  V  (1  H,  will  be  the  F.I). 
l>etween  A  and  B. 

A  simplification  of  the  process  at  once  suggests  itself. 
If  the  same  additional  known  resistance,  r,  be  always  used 
with  the  same  galvanometer,  V  (J,  or,  belter  still,  if  the  re- 
sistance of  the  galvanometer  itself  be  sufficiently  great  to 
render  this  additional  resistance  unnecessary,  the  ww  P.D. 
will  always  produce  the  sivne  deflection  of  the  galvanometer. 
Therefore,  instead  of  marking  the  scale  of  the  galvanometer 
in  amp^cs,  it  may  be  at  once  marked  in  volts^  and  the 
instrument  may  then  be  callc<l  a  Voltmeter  Galvanometer, 

'  Tlic  loop  al  /'  is  one  of  l)ic  conventional  ways  of  indicniing  ihat 
Ibc  ciiiiJuctoi  li  O  crossea  the  condnctor  jtA  without  niakiii£ 
electrical  contact  with  if. 


O  It.f  INOtmrKKS    AS     ^OLrMKIKKS. 


iir,  miirc-  l)rie(1y,  a  Voltmeter.     Siiili  in^triiiiKnts  are  now 
iii;iniil;i<tiirf(J  in  large  miniliers. 

Ilt'forc  proieeiling  furlhur,  wc  may  as  well  give  here  a 
formal  definition  of  ihc  voli.  T/it  Volt  /f  ///<?  Potential 
Differeiiiw  tlnit  mini  ht  steoiti/y  iii.iinlitincJ  l>elwcfn  tlie  i-tiiii 
of  a  iiiet,i//ii  coiidiictiT  oj  one  ohm  raiititiiit  in  indi-r  lliat 
(lie  slraJy  airnnt  JlintiiHj;  throng,li  it  may  be  one  ampere  ' 

Wc  have  now  to  explain  why  it  is  necessary,  in  nicasiiro- 
ing  the  IM).  between  A  and  \\  (l-'ig.  201),  to  use  a  hif-h 
resistance  in  the  hranch  circuit  A  V  G  II.  One  of  the  first 
conditions  of  the  scientific  and  accurate  measurement  of 
any  physical  quantity  is  that  the  method  cmiiloyed  shall 
not  alter  the  magnitude  of  the  quantity  to  be  me.'xsured. 
We  have  already  dwelt  uiwn  this  condition,  and  illustrated 
it  when  speaking  (page  381)  of  the  "  Use  of  Galvanometers." 
But  in  measuring  jiotential  differences  indirectly  by  volt- 
metefs,  the  necessity  of  bearing  this  liuiitali(jn  in  miml  is 
of  even  greater  inijiortance  than  in  using  galvanometers  to 
measure  currents  directly.  Returning  to  Fig.  201,  what  is 
the  effect  of  putting  on  the  branch  circuit  AVGB?  This 
in  great  measure  depends  en  the  conditions  of  supply. 

Take  first  the  sim|)le  case  of  a  battery  of  constant 
E.M.I*".  being  used  as  an  electric  generator.  The  resistance 
between  A  and  H  is  then  only  a  part  of  the  resistance  of  the 
circuit ;  but  the  addition  of  the  branch  AVGB  reduces 
{vide  page  288)  Ihc  resistance  between  .\  and  B,  and  there- 
fore increases  the  total  current  drawn  from  the  battery.  Of 
this  increased  current,  however,  part  only  goes  along  the 
main  hranch,  S.  C?  B,  and  the  remainder  along  A  V  G  B,  and 
it  is  easy  to  show  that  as  long  m  A  C  B  is  not  the  only  re- 
sistance in  circuit,  the  current  now  going  along  A  C  B  is 
lesa  (Ihtn  it  uuis  before  the  branch-circuit  was  added.  There- 
fore the  P.I),  used  to  maintain  this  current  in  AC  B  is  less, 


' 


'  I(  l>i  lusumcil  that  there  is  qo  source  of  K.M.F.  in  llic  comliictor. 
Z    2 
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:\nd  tlie  method  of  iiKMsuieincnt  has  uttered  the  thing  to 
be  niensured.  Hut  a  httle  refkMion  will  show  that  the 
,i,yYa/er  thf  rtsiitivicf  of  the  branch-circuit  the  lea  is  the 
diiturlmnct.  Thus  if  the  resistance  of  A  V  (i  FJ  l)e  a  hundred 
times  the  resistant  e  of  A  C  B,  the  putting  on  of  this  branch 
will  diminish  the  resistance  between  A  and  B  aJKuu  one  fier 
cent.  ;  the  total  current  will  therefore  be  increased  less  than 
one  per  cent.,  and  as  ninety-nine  per  cent,  of  this  current 
goes  through  A  C  B,  the  current  therein  and  the  IM).  of 
A  and  B  will  be  diminished  less  than  one  per  cent.  This 
may  be  accurate  enough  for  most  purposes,  but  if  greater 
accuracy  be  rec)uircd,  the  resistance  of  the  branch  A  V  (1  U 
must  be  made  1,000  or  10,000  times  that  of  the  main 
A  C  B,  and  a  more  sensitive  jjalvanometer  used  ;  the  error 
will  then  l)e  reduced  to  one-tenth  or  onc-hundredlh  of  one 
per  cent.  As  sensitive  galvanometers  are,  citttris  fiitrihit,  of 
high  resistance,  they  easily  fulfil  the  condition. 

Suppose  next  that  the  conditions  of  supply  are  such 
that  by  proi>er  regulating  devices  the  total  current  supplied  is 
always  the  same.  When  this  current  reaches  A  it  must  divide 
between  the  branches  A  C  B  and  AVGB,  and  therefore 
the  current  pa.ssing  along  A  C  B  will  be  less  th.in  if  the 
branch  \  V  G  B  were  not  joined  on.  But  by  Ohm's  law 
the  two  parts  of  the  current  arc  in  the  inverse  ratio  of  the 
two  resistances,  and  therefore  by  hicnasitii^  the  rtsistanct  0/ 
the  I'ranfh  A  V(!  B,  the  .nnifiunt  of  the  current  drawn  ofT 
along  it  may  lie  so  small  as  to  leave  the  current  in  A  C  B 
practUaliy  unchanged,  and  yet  this  small  current  may  be 
()uile  large  enough  to  be  measured  on  a  sensitive  galvano- 
meter. I'or  instance,  it  may  be  only  the  cme-millionth  jwrt 
of  the  current  in  A  C  B,  but  for  this  to  be  the  case  the 
resistance  of  the  branch  A  V'Ci  B  must  be  one  million  times 
that  of  the  main  A  C  B. 

I^istly,  suii|)Ose  the  conditions  of  sup|ily  are  such  that 
the  1'. Iv  iif  A   in.)   P.  i<i  maintained  constant,  no  matter 
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what  the  resistance  may  be  between  A  and  B.  This  woukl 
be  the  case  in  the  public  supply  system  represented  in  the 
lower  figure.  The  mere  additiun  of  branch  circuit  A  V  G  B 
between  A  and  H  will  not  now  affect  the  P.  D.  to  be 
measured,  hut  another  consideration  still  causes  us  to  put 
as  high  a  resistance  as  possible  in  this  branch  circuit  For 
a.  galvanometer  whilst  a  current  is  passing  through  it  uses 
up  energy  by  converting  it  into  unavailable  heat  ;  also 
ni/un  the  P.D.  is  (onsUint  the  luat  (iiergy  produced  by  a 
current  varies  im>ersf/y  as  the  resiitaiue.  Now,  wasted 
energy  has  always  to  be  paid  for  in  some  way,  therefore  in 
making  electrical  measurements  we  endeavour  to  use  up  as 
little  energy  as  possible.  In  this  case  that  is  accomiilislied 
by  using  the  greatest  possible  resistance,  and  thercftjre  a 
sensitive  galvanometer  in  the  voltmeter  branch. 

Thus  in  all  cases  that  arise  in  practice,  the  voltmeter 
should  be  a  galvanometer  of  high  resistance,  having  a  range 
adapted  to  the  particular  voltages  to  be  measured. 

Magnetic  Voltmeters. — Prom  what  wc  have  just  said 
it  will  be  apparent  that  any  galvanunieter  that  is  sufficiently 
sensitive  may  be  used  as  a  voltmeter,  and  therefore  the 
various  instruments  described  in  the  last  section  are 
available. 

In  particular,  for  commercial  purposes,  all  the  "  Gal- 
v.mometers  for  Measuring  Large  Currents  "  can,  by  a  very 
simple  change,  be  converted  into  direct-reading  voltmeters. 
We  have  pointed  out  that  as  amperemeters  their  resistance 
must  neressarily  be  very  low,  and  therefore  their  conduct- 
ing roils  consist  of  a  few  turns  of  stout  or  thick  wire.  If, 
now.  keeping  all  the  magnetic  and  mechaiiical  details  un- 
altered, we  wind  the  conducting  coil  with  many  turns  of  fine 
wire,  we  shall  have  a  high-resistance  voltmeter  instead  of  a 
low-resistance  amperemeter.  Then,  instead  of  graduating 
the  scale  with  the  atnpbres  flowing  through,  we  graduate 
it    with    (he  volts  of  potential-difTcrcnce,  wliich  on    1  eing 
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applied  to  its  terminals  can  maintain  the  cirretits  that  pro- 
duce the  various  deflections.  We  thus  have  a  dirttlrtadiHg 
voltiiKter. 

In  Fig.  202  \vc  givj  an  outside  view,  showing  the  scale 
ol  such  an  instrument.  This  particular  voltgieter  is  in 
every  respect  similar  to  the  ammeter  described  on  pjgc 
370,  except  that  it  is  wmuid  with  many  turns  of  fine  wire 
instead  ol'a  lew  turns  of  thick  wir^-,  aiid  also  it  has  its  scale 
graduated   in   volts  of  potcntial-difTercncc  at  its  terminals 

instead  of  in  amperes  of 
current  [ussing  thruugl)  it 
Thus  when  the  indicator 
points  to  70,  we  infer  that 
liie  I'.  I  J.  Iictwcen  the  binding 
screws  of  the  instrument  is 
70  volts. 

Thermal  Voltmeters. 
— Although  the  thermal 
effect  of  the  current  does 
not  lend  itself  very  readily 
to  the  accurate  measure- 
ment of  the  currents  used 
for  electric  lighting  and  other 
public  pur[>05cs.  a  subsidiary  effect  of  the  heat  generated 
has  been  em|iloye<l  by  Major  Cardew  to  measure  the 
currents  used  in  volimelers.  The  various  dilTicultie-i  in  the 
way  of  the  production  of  an  accurate  and  reliable  instrument 
have  lieen  very  ingeniously  overcome,  and  the  result  is 
the  widely-used  and  well-known  Cardew  Voltmeter, 

The  principle  of  the  instrument  will,  perhaps,  be  best 
understood  by  reference  to  the  diagram  in  Kig.  203.  Sup- 
pose I.  to  be  a  movable  pulley,  and  A  C  IMt  to  be  a  long 
iron  wire,  with  both  ends  A  and  B,  fastened  to  the  ceiling, 
and   passing   nmnd   and    supi«)rliiig   the   pulley,    I-     The 

pllllm.    t  .,   \\\    ilit-:llls  cif    till-    Imiik,    K,    slif  if  m  if  (-v  .-»   wcivbl     ^^^ 
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whu  h  is  just  heavy  enough  to  keep  the  wire  stretched  with- 
out overstraining  it.  Flexible  wires,  P  and  N,  soldered  to 
A  and  B,  can  l>e  used  to  supply  current.  If  now  a  current 
be  passed  from  P  to  N,  through  the  wire  in  ihe  direction  of 
the  arrows,  heat  will  be  generated  in  the  wire,  and  it  will 
i^ct  hot.  But  iron  and  all 
ineiais  expand  on  being 
heated,  and,  llierefore,  the 
wire  will  become  longer,  and 
the  ends  being  fixed,  the 
Weight,  W,  will  drag  down 
the  pulley,  L.  Thus,  as  the 
wire  gets  hotter  and  hotter, 
the  weight,  \V,  will  sink  lower 
and  lower,  until  such  lime  as 
the  radiation  from  the  wire  is 
e(|ual  to  the  rate  at  which 
heat  is  generated  in  it  by  the 
current.  The  weight,  \V,  will 
then  remain  stationary  as  long 
■IS  ihe  current  is  maintained 
steadily.  If  the  cunent 
diminishes,  the  rate  of  pro- 
duction of  heal  falls,  the  wire 
cools  to  some  lower  tempera- 
ture, corresjionding  to  the 
new  rale  of  production  and 
r.idiation  of  heat,  and  the 
weight,  W,  rises,  by  the 
shoricniiig  of  the  wire,  to  some  other  fixed  position.  It, 
(in  the  other  hand,  the  current  increases,  the  temj)eraturc 
and  length  of  the  wire  will  increase,  and  the  weight  will 
fall  to  some  other  position,  'i'hercfore,  if  the  wire  were 
carvfully  iirolecled  frnm  outside  thermal  influeiuci,  a<i?u- 
r.iii'    iilisirv.iiic.im   of   flic    position   of   the    weight    would 
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enable  us  to  estimate  from  previous  calibrations  the  magni- 
tude of  tlie  rurrent  flowinf;  in  the  wire,  or  the  magnitude  of 
tlie  IM).  between  its  ends  A  and  U.  In  the  actual  instru- 
ment the  weight,  W,  is  replaced  by  a  stretched  spring,  and 
the  motion  of  the  pulley  is  mechanically  magnified  ;  also 
other  refinements  are  introduced,  which  will  be  best  under- 
stood from  a  brief  description. 

The  back  of  a  recent  form  of  Cardew's  VoUmeler,  with 
the  cover  partly  removed  to  exhibit  the  working  |)arts,  is 
shown  in  Fig.  204.  The  stretched  wire,  through  whi<  h 
the  current  [Kisses,  is  made  of  platinum  silver,  and  is 
00025  '"ch  in  diameter,  and  about  ij  feci  long.  One 
end  beiiig  fixed  to  the  screw,  A,  the  wire  passes  up  a 
tube  (removed  to  show  the  wire)  about  3  feet  long,  over 
the  fixed  bone  pulley,  Pj,  then  down  the  tube  .ind 
under  the  little  nun'able  pulley,  />,,  up  the  tube  ag.iin,  and 
over  the  fixed  pulley,  Pj,  and  finally  down  the  tube  to 
the  screw,  B.  The  block  of  the  movable  pulley,  /],  is 
attached  by  a  fine  and  flexible  thread  to  the  coiled  and 
stretched  s[)ring,  Si,  and  this  thread  passes  once  round  the 
fixed  pulley,  W.  Thus,  the  platinum-silver  wire  is  kept 
stretched  by  the  pull  of  the  spring,  S,,  and  whenever  the 
length  of  the  wire  alters,  the  wheel,  W,  b  partly  turned. 
The  axle  of  the  wheel.  W,  carries  the  toothed  wheel,  I,, 
which  works  in  the  pinion,  M,  on  the  axle  i>f  which  the 
pointer  is  carried,  which  moves  over  ihe  face  of  the  dial,  of 
which  the  fi^iite  only  shows  Ihe  back.  The  screws,  A  .ind 
B,  are  metallii  ally  conneilcd  to  the  external  binding  screws, 
'F'l  and  T).  If  now  the  l*.  I),  to  be  measured  be  applie< 
to  T|  and  '!'_„  the  platinum  silver  wire  will  become  heated 
and  lengthen,  as  already  ex])Iaine<l :  the  pulley,  ^,,  will  be 
pulled  down  ;  the  wheel,  W,  slightly  turned  ;  and  the  index 
moved  round  the  dial.  The  potential-differences  corte 
sixmding  to  the  various  deflection.^  are  determined  by 
previous  experiment,  and  utarke<l  on  this  dial. 
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In  order  ilial  llie  range  of  ihe  insiniment  may  l)c 
douljled,  an  extra  wire  of  ihe  same  lengili  and  rcsislancc  is 
added  in  the  tube  to  the  left  of  that  containing  the  working 
wire.  This  wire  is  kept  taut  l)y  the  springs,  Sj  anti  S,,  and 
its  disposition  in  its  tube  is  precisely  similar  to  thai  of  the 
working  wire.  One  end  of  it  is  fastened  to  the  screw,  C, 
whicii  is  connected  to  the  binding  screw,  T^.  When  the 
l)inding  screws,  T,  and  Tj,  are  used  instead  of  T,  and  T., 
the  two  wires  are  in  scries,  .nnd  the  san>c  current  passes 
througli  each.  They  are,  therefore,  e<|ually  heated,  and  if 
their  resistances  are  equal  at  the  coniniencemeni,  they  re- 
main equal  for  all  currents.  Thus,  since  the  current  has 
now  to  pass  through  double  the  resistance,  it  will  re(|uire 
double  the  IM).  to  produce  the  same  movement  of  the 
pointer,  a.s  when  the  terminals,  1",  and  T,,  were  used  ;  the 
range  of  ihe  instrument  is,  therefore,  doubled.  On  the  face 
of  the  dial  two  sets  of  graduations  are  engraved,  one  of 
lower  numbers,  to  be  read  when  the  terminals,  T,  and  T_., 
are  used,  and  the  other  of  higher  numbers  to  be  ri-.nl  wlu-n 
T,  and  T3  are  used. 

The  fine  wires  are  jirotected  iiy  the  metal  lubes,  //,  /  f, 
whit  h  slip  over  and  support  the  discs,  I)  K  and  I'"  G,  that 
carry  the  fixed  pulleys.  To  correct  for  changes  in  the 
temperature  c>f  the  room,  the  rods  that  carry  the  discs  are 
made  partly  of  iron  and  partly  of  bra.s.s,  in  such  proportions 
that  their  mean  eoeflicient  of  expansion  Is  equal  to  that  of 
the  platinum-silver  wire. 

Electrostatic  Instruments.— On  theoretical  grounds, 
by  l.ir  the  l>est  inslnnnents  li)r  measuring  electric  pn-.Nsures, 
eillu-r  cicctfuinotive  forces  or  potential  difleiences,  are  KWvsk 
whiiNc  action  depetidii,  not  upon  the  niagnelic  effect  of  a 
current  of  electricity,  but  ujKin  the  attractions  and  repulsions 
of  statically-charged  cumiuctors. 

We  do  not  pro|)Obc  to  drscrilw  and  discu.is  here  the 
wliole  r.inge  of  phenomena  usually  included  under  the  Ivrui 
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"  Electrostatics,"  Uiough  these  phenomena  are  extremely 
interesting  and  most  suygeslive  as  to  the  nature  of  the 
entity  thiit  we  call  "Electricity."  It  will  l>e  siirticient  for 
our  puqMjse  if  we  briefly  state  some  of  tlie  experimental 
facts  u])on  which  the  working  of  the  class  of  instruments  we 
wish  to  describe  is  based. 

In  our  historical  nitroduction  (p.iges  6  to  i6)  are  briefly 
summarised  the  chief  discoveries  in  electrostatics,  and 
amongst  other  things,  we  have  referred  to  the  fad  that 
similarly  charged  bodies  repel  one  another,  and  dissimilarly 
charged  bodies  attract  one  another.  If  now  we  can  con- 
struct an  instrument  i)artly  of  fixed  and  jKirtly  of  movable 
conductors,  in  such  a  manner  that  the  charges  causing 
attraction  or  repulsion  between  the  fixed  and  movable 
Conductors  are  determined  by  the  potentials  whose  differ- 
ence we  wish  to  measure,  then  by  measuring  the  attraction 
or  repulsion,  we  shall  have  indirectly  a  measure  of  the 
potential-difference.  An  electric  pressure  nie.isurer  working 
upon  these  principles  is  called  an  Electrometer. 

The  celebrated  law  of  electric  action,  ex|x:rimented 
upon  by  Coulomb  and  Cavendish,  and  developed  mathe- 
matically by  Laplace,  liiot,  roisson,  and  others,  stales  that, 
"  The  atlraclion  or  itpulsion  bihvcen  two  </iiiintili(s^  ij  and  i/\ 
of  electricity  supposed  coHcentrated  at  lioo  points  at  a  distance 

d  apart,  is     ,,    and  is  in  the  line  joining  the  two  points'* 

'I'his  is  exactly  similar  to  the  law  of  magnetic  action  enume- 
rated on  page  105,  and  is  0]>en  to  the  objections  which  we 
have  urged  at  p;ige  107,  against  all  "  actional  a-distance  " 
iheoiies.  'I'he  al>ove  customary  stalcnierit  of  the  law  makes 
no  mention  whatever  of  the  inthience  of  the  medium  be- 
tween the  two  charges  in  modifying  the  action.  As  in 
magnetic,  so  in  electrostatic-  [ihenomena,  Parnday  was  the 
fii.sl  to  grasp  the  ini|)ortance  of  taking  the  medium  into 
account,    and    in    one    of    his    series   of    experiments    he 
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mimerically  estimated  the  differences  in  the  actions  of 
various  media.  He  considered  the  ac;tion  to  be  due  to 
strains  and  stresses  set  up  in  the  medium,  and  he  graphically 
represented  the  kind  of  strain  by  means  of  lines  of  tlectrit 
fi>r((  exactly  analogous  to  the  lines  of  magnetic  force  upon 
which  we  have  dwelt  so  fully.  That  these  strains  actually 
exist,  and  are  not  mere  philosophical  abstractions,  is  proved 
by  the  beautiful  electro-optic  cxi>eriinents  of  Ur.  Ker,  of 
Glasgow,  and  of  Professor  Riicker  in  "  Klectrical  Stress,"' 
experiments  which  we  regret  we  lia\e  not  space  to  describe 
in  rietail.  Our  present  purpose  is  merely  to  explain  the 
construction  and  action  of  electrometers. 

Returning  now  to  the  conditions  already  eniinieriiicd, 
we  notice  that  ihe  |)oteiitials  of  the  conductors  of  our  in- 
strument must  determine  the  charge.s  of  electricity  and  the 
strains  in  the  medium.  Now,  the  jiotential  required  to 
impart  a  specitied  charge  to  a  given  conductor  ticpcnds 
not  only  on  the  size  and  shape  of  the  conductor,  but  also 
on  the  sizes,  shapes,  and  positions  of  neighbouring  con- 
ductors. But  since  the  work  done  in  charging  a  conductor 
depends  both  on  the  potential  and  on  the  charge,  this  is 
only  another  way  of  saying  tliat  the  energy  used  in  impart- 
ing the  charge  depends  upon  the  nature,  magnitude,  and 
disposition  of  the  medium  in  which  strains  are  set  up  by 
the  charge.  If  this  medium  be  widely  extended,  the  strains 
are  feeble,  and  llic  energy  reijuired  to  produce  them  is 
small,  but  if  the  medium  acted  upon  be  a  narrow  gap  \ycr 
tween  two  conductors  very  close  together,  the  strains  may 
be' onie  vcr)' greai,  and  the  corresponding  enerf;>  iHy 

stored  in  the  medium,  also  great.     One  point,  il  lo 

be  kejH  in  view  in  designing  an  electrometer,  is  to  rotifiDe 
the   action   as  much   as    (lossible   lo   a   small   portion   t^ 

'  The    reailcr  wlio  wikhes  lo  pursue  llie  tubjtcl    will  (in^ 
cxpctimcnu  descillicJ    in   the   JoHinat  •/  tht  Setitly  if 
FM^iniin,  vol.  XTJi.  (188H),  p.  jio. 
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Fig.  aoj.— Attraction  of  (.■(iart;c<l  P.iriiilel  PhlM. 


dielectric'  This  is  also  the  condition  indicated  by  the  old 
law,  for  the  magnitude  of  the  force  being  inversely  as  the 
square  of  the  distance  between  the  acting  bodies,  the  shorter 
the  distance  the  greater  will  be  the  force. 

For  instance,  suppose  A  and  B  (Fig.  205)  to  be  two 
melallir  plates,  of  which  one,  B.  rests  on  the  table,  and  is, 
therefore,  in  connection  with,  and  at  the  zero  potential  of 
the  earth  ;  the  other,  \,  is  supported  above  and  parallel, 
but  very  close,  to  B  by  some  insulating  support.  If  now  A 
be  given  a  charge  of  positive  clectriiity,  and  thus  be  raised 
to  a  higher  potential  than  the  earth,  by  fur  the  greatest  part 
of  the  electric  action 
in  the  space  sur- 
rounding A  will  be 
confined  to  the 
narrow  gap  between 
A  and  B.  The 
result  will  be  an 
attraction  between  A  and  B  depending  upon  the  size  of 
the  plates  and  their  distance  ai)art,  and  proiKirtional  to 
the  square  of  their  potential-difference.  The  attraction 
may  be  measured  by  balancing  it  against  known  forces  ; 
thus  A  may  be  suspended  from  the  beam  of  a  balance,  and 
the  attraction  counterpoised  by  weights  added  to  the  scale- 
pan  at  the  other  end  of  the  beam.  From  the  known  value 
of  the  weights,  and  the  known  dimensions  of  A  and  B,  the 
value  of  the  potential-differeni;e  can  be  calculated  in  volts. 

Unfortunately,  the  attraction  between  two  plates  of 
manageable  size  is  extremely  small,  except  when  the  dif- 
ference of  potentials  is  a  large  number  of  volts.  For  in- 
stance, if  the  plates  be  10  inches  square  and  only  a  quarter 
of  an  inch  apart,  a  potential-difference  of  about  300  volts  is 
attraction  eciual  to  the  weight  of  a  grain. 

'^1*  term  iisetl  by  Faraday  to  iJcnotc  the 
■  the  electric  actions  tnke  plitce. 
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When  it  is  rcmcinbercil  ihal  the  force  is  proportional  lo 
the  sguitrf  of  the  poicntial  (lifTerence,  it  will  be  at  once 
seen   how  the  attraclion  (irocluced  by  the  electric  pressure 

of  a  single  volt- 
aic cell  must 
he  almost  in- 
appreciable. 

N  o  t  w  i th- 
htnnding  this 
(iifficully,  Lord 
Kelvin  has  de- 
vised a  series  of 
beautiful  instru- 
ments in  which, 
l)y  making  use 
of  an  auxiliary 
electrification  of 
one  of  the  plates, 
to  increase  the 
allraclive  force, 
anil  by  measur- 
ing the  difftrtnu 
of  the  distances 
nf  the  other 
plate  necessary 
to  produce  a 
definite  attrac- 
tion when  it  is 
clectrilKil  first 
to  one  potential 
and  then  to  tbtt 


Pi^.  ao6.-  Kdvin'k  l^uivdrjuil  Klectroinelet. 


Other,    he  has    been    able    to    measure  (I'l 
differences  as  small   as  one  volt      The   i 
of  the  series  caiiable  of  working  with  this  degree 
sitivcncss  he  calls  the  "  Absolute  Klcctromcter  " 
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''  I'orliiblc  liletlroineler."  The  fone  ihat  lalances  tlic 
electric  attraction  is  the  torsion  of  a  fine  platimmi  wire  ; 
but  the  details  of  the  instruments  aresoinewliat  (omplicated, 
and  chiefly  of  technical  interest.  A  nun  h  more  widely 
known  and  a  more  sensitive  instrument  tor  measuring  the 
rfhilh'c  values  of  two  P. D.'s  is  Lord  Kelvin's  "  (^Miadrant  " 
electrometer,  a  simple  modification  of  which  we  shall  now 
describe.  Tlie  instrument  is  shown  in  perspective  in  Fig. 
206,  and  the  chief  parts;,  or  "  quadrants,"  upon  whii  h  the 
electrical  action  de- 
pends and  from  which 
it  takes  its  name,  are 
shown  separately  and 
on  an  enlarged  scale  in 
Fig.  207.  The  quad- 
rants A,  B,  C,  U  (Fig. 
207)  would,  if  joined 
together,  form  a  shallow 
closed  brass  box  with  a 
central  hole.  They  are, 
however,  slightly  separ- 
ated from  one  another, 
and  supported  inde- 
pendently on  insulating 
columns    of     glass,    as 

shown  in  Fig.  206.     Opposite  pairs  of  quadrants  arc  joined 
by  conducting  wires,  so  that  A  and  C  form,  as  it  were,  one 
insulated  conductor,  and  13  and  D  another  insulated  con- 
ductor.    It  is  the  potential-difference  between  these   two 
conductors  that  is  measured  by  the  instrument ;  to  connect 
them  to  outside  conductors,  two  long  brass  rods  pass  from 
A  and  I)  down  through  the  bottom  of  the  case  to  two 
he  far  side,  not  shown  in  Fig.  206.     A  third 
T.  N,  swings  freely  by  an  appropriate  sus- 
iw  space  enclosed   by  the  quadrants. 


Klg.  JC7, 
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400 


The  Er.KtTKn    Cikkknt. 


The  conductor,  N,  is  usually  made  of  a  thin  cumigaled 
strip  of  nluniiniuni  of  the  shape  sliown,  and  is  electric- 
ally connt-cled  l>y  the  wire,  w,  with  the  inner  coating  of  a 
I^yden  jar,  J,  so  supported  that  it  can  be  readily  withdrawn 
from  the  bottom  of  the  case  without  disturbing  the  sus- 
pended needle.  The  inner  coating  of  this  Leyden  jar,  in- 
stead of  being  the  usual  tin-foil,  is  strong  sulphuric  acid, 
which  serves  the  double  purpose  of  acting  as  the  coating 
and  of  keeping  the  interior  of  the  case  artificially  dry. 

The  jar  can  be  charged  by  the  brass  rod,  R,  which  |iasses 
through  an  insulating  ebonite  collar,  and  has  a  piece  of 
platinum  wire  hanging  into  the  acid  from  its  inner  end. 
The  wire,  w,  has  also  a  little  vane  at  its  lower  end,  which, 
moving  in  the  viscous  acid,  tends  to  steady  the  vibration  of 
the  needle.  If  now  the  inner  coating  of  the  Leyden  jar 
be  charged  to  a  high  potential,  the  needle  takes  the  same 
potential,  and  carries  a  corresponding  charge.  It  is>  so  ad- 
justed that  when  the  quadrants  are  all.it  one  potential,  it  lies 
centrally  and  in  the  middle  of  the  box  along  one  of  the 
diametral  slits.  In  this  position,  as  long  as  there  is  no 
P.D.  between  the  quadrants,  there  is  no  tendency  for  N  to 
move,  however  highly  it  may  be  charged.  But  if  one  pair 
of  (juadrants,  A  C,  be  connected  to  the  positive  terminal 
of  a  galvanic  cell,  and  the  other,  B  D,  to  the  negative  ter. 
minal,  A  and  C  become  positively  charged  and  B  and  D 
negatively.  If  N,  then,  has  a  positive  charge,  it  will  be  re- 
pelled by  .\  and  C  and  attracted  by  B  and  I),  and  will  lend 
to  rotate  in  a  clockwise  direction.  This  tendency  is  re- 
sisted by  an  appropriate  controlling  force,  with  the  result 
that  the  angular  motion  of  N  is  proportional  to  the  poten- 
tial-difference betwcet)  A  and  D.  This  angular  motion  is 
ttad  off  in  the  usual  way  with  a  lamp  and  .scale,  and  if  the 
dcHection  corresponding  to  one  volt  has  lieen  nsccrl.iincd, 
the  deflection  for  any  P.I),  within  the  range  of  \\\c 
nil  nl  will   'ivf  ili.it  r  n   in  voltv 
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The  controllin^j;  force  uted  may  be  of  various  kinds.  In 
Fig.  206  two  silk  threads  hang  down  from  the  upper  sup- 
port at  a  little  distance  apart.  When  the  needle,  N,  is  in  its 
zero  |>0!.ition,  these  threads  are  parallel  and  vertical :  but 
when  N  is  rotated,  they  are  no  longer  parallel  and  bei:on)e 
slighlly  inclined  to  the  vertical  ;  N  is  therefore  slijjhtly 
lifted,  and  under  the  action  of  gravity  tends  to  fall  back  to 
its  zero  position.  This  method  of  susi)ension,  known  as 
the  bifilar  suspension,  can  be  adjusted  so  as  to  bring  very 
small  forces  into  play,  and  can  therefure  be  made  very 
sensitive.  It  is  widely  used  for  delicate  work,  because  the 
control  lint;  force  is  proportional  to  the  deflection.  Another 
method,  shown  in  I'"ig.  207,  is  the  iinifiiar  suspension.  In 
this  case  the  sus|>ension  is  a  fine  metallic  wire  aUaLhed  to 
the  top  .support,  which  must  now  be  carefully  insulated. 
When  N  dellects,  the  lower  end  of  the  wire  is  twisted,  and 
the  restoring  force  of  torsion  called  into  play  is  accurately 
propoitional  to  the  deflection.  .'\  third  meihod  sometimes 
used  is  the  magntlic  eontrol.  The  needle  is  hung  by  a  lor- 
sionless  silk  or  quartz  fibre,  and  little  magnets  are  fixed  on 
the  back  of  the  mirror  seen  in  Fig.  206,  just  as  in  the  reflect- 
ing galvanometers  previously  described.  These  m.ngnets 
are  not,  however,  afl'ected  by  the  electric  charges,  but,  being 
placed  in  a  magnetic  field,  always  tend  to  turn  the  suspended 
system  into  one,  the  zero,  position.  When  the  s)stem  is 
deflected,  the  controlling  force  comes  into  play  just  as  in 
the  galvanometers,  and  subject  to  the  laws  already  described 
in  detail 

The  t|Uadraiit  electrometer  has  recently  been  still  further 
modified  by  Professors  Ayrton  and  I'erry  and  Dr.  Surnpner, 
with  the  object  of  making  it  still  more  reliable,  especially 
for  the  measurement  of  alternating  P.  D.'s.  Descriptions 
of  these  modifications  will  be  found  in  the  Philosvpliicul 
''(lions  for  1 81)  1 , 
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'J'he  praciical  defiiiiiion  of  the  volt  on  page  387,  jire- 
supposes  ihal  the  experimenter,  who  wishes  to  measure 
volts  in  accordance  with  the  definition,  is  possessed  of 
accurately  calibrated  amperemeters  to  measure  the  current 
which  is  sent  through  accurate  standards  of  resistance  of 
known  value. 

Another  definition  of  the  volt  is  suggested  by  llie  re- 
marks f)n  page  397,  according  tu  which  the  volt  might  In; 
defined  as  the  potential-difference  whiih  would  [iroduce  a 
certain  mechanical  force  of  attraction  between  two  patnllcl 
platue  of  a  certain  si/.e  and  certain  distance  apart,  under 
carefully  specified  conditions. 

The  first  of  these  definitions  is  by  far  the  best,  but 
is  open  to  the  objection  thnt  the  means  of  producing  the 
required  current  through  the  known  resijt.ince  may  not 
always  be  at  lund.  'I'he  second  defmiiiun  is,  as  we  have 
seen,  of  little  praciical  value,  because  the  attractions  in 
many  commonly-occurring  cises  would  be  much  too 
small. 

An  cxamin.ition  of  the  tables  given  in  the  discussion  of 
the  theory  of  the  voltaic  cell,  and  our  remarks  thereupon, 
will  show  that  it  ought  to  be  possible  to  conslruct  a  cell  of 
(■  irefuUy-selected  and  pure  chemical  mnieri.ils  which  should 
hive  a  [>erfertly  definite  electromotive  force.  Foi  if  [lulari- 
sation  can  be  jircvenled,  the  K.M.I",  depends  only  on  the 
chemical  constitution  of  the  in.iterials  of  which  it  is  com- 
pised,  and  if  these  materials  are  sufficiently  stable  to  re- 
main uncluitiged  during  a  ron>idet.ible  period  of  tniie,  then, 
during  that  period,  the  EMI'',  of  the  cell  will  be  abso- 
lutely constant.  What  this  E.M.F.  is  cm  be  ■  -■  — .  d 
experimentally  by   comparing  it  with  a  I'.D.  tn  ir» 

accord.ince  with  the  practir.al  dcfiDiiion  of  ih» 
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comparison  with  which,  by  well-known  methods,  the  values 
of  01  her  pressures  can  be  ascertained. 

Cells  constructed  witii  the  object  of  fulfilling  these  con- 
ditions are  known  .-is  Standard  Cells,  and  a  vast  amount 
of  jjaticnt  experiment  and  ingenuity  has  been  devoted  to 
the  task  of  discovering  the  most  suitable  materials,  and  (he 
best  methods  of  so  bringing  thcni  together  as  to  preserve 
the  E.M.F.  of  the  cell  unchanged  for  a  long  p'.riod  of  time. 
It  will  suffice  to  describe  two  of 
the  forms  which  experience  has 
shown  to  fulfil  most  nearly  the 
conditions  of  the  problem, 
though  even  these  are  not 
perfect,  as  we  shall  afterwards 
I)oint  out. 

The  cell  which  has  recently 
been  adopted  by  the  Board  ol 
Trade  as  one  which  best  fulfils 
all  the  conditions  of  a  standard 
cell,  has  long  been  known  to 
elertricians,  from  the  name  of 
its  inventor,  as  the  I>atimer 
Clark  cell.  Minute  directions' 
for  its  construction  have  been 

published  by  the  Hoard,  guided  by  the  skill  and  experience 
of  an  exceptionally  powerful  special  committee  appointed  to 
advise  the  Board  on  the  subject  of  electrical  standards. 

Without  going  so  minutely  into  detail,  we  may  say  that 
ll\e  cell  consists  essentially  of  an  amalgam,  A  (Kig.  joS),  of 
zinc  and  pure  mercury,  which  forms  the  positive  plate - 
of  the  cell,  and  a  layer,  M,  of  pure  mercury  forming  the 
negative  plate.  These,  in  the  pattern  illustrated,  are  placed 
at  the  bottoms  of  two  test  tubes,  ranged  side  by  side  with  a 

'  ^idt  Tilt  BlKlricioH,  vol.  xxvii.  (1891),  page  98. 

"Mgt  42. 


Fiff.  3o8.  — H  funn  of  CUrk  Si^indord 
Cell. 
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connecting  lube  in  the  middle,  forming  a  figure  not  unlike  the 
letter  H,  from  which  the  cell  is  sometimes  known  as  the  H 
pattern.  Contact  is  made  to  the  amalgam,  A, and  the  mercury, 
M,  by  two  platinun)  wire',  W  W,  which  are  scaled  through 
the  glass  of  the  tube.  The  mercury,  M,  is  covered  with  a 
layer,  M  S,  of  pure  mercurous  sulphate,  made  into  the  fomi 
of  a  paste  with  distilled  water,  and  the  tubes  are  then  filled 
with  a  saturated  solution,  Z,  of  [jure  zinc  sulphate  to  a 
point  aboTc  the  level  of  the  cross  tube.  To  prevent 
evapordtion,  the  tops  of  the  tubes  are  either  dosed  with 
corks,  C  C,  made  air-light  by  marine  glue,  or  are  hermetic- 
ally sealed. 

When  made  up  for  use,  the  cells  arc 
enclosed  in  a  brass  case,  as  in  Fig.  209. 
to  protect  them  from  injury.  In  the 
form  shown  in  the  figure,  which  is  due  to 
Dr.  A.  Muirhead,  there  are  two  cells,  and 
therefore  four  temiinals.  As  the  li.M.l"'. 
of  the  cells  depends  ujKjn  their  temper- 
ature, the  bulb  of  a  thermometer  is 
placed  inside  the  case  and  its  stem  is 
brought  uj)  and  laid  horizontally  across 
the  top,  so  that  the  temperature  of  the  in- 
side call  be  readily  ob.served.  One  of  the  cells  should  be 
used  for  ordinary  work,  anil  compared  I'rom  time  to  time 
with  the  other  to  ascertain  if  it  is  undergoing  any  change. 

The  E.M.F.  of  a  Clark  cell,  carefully  constructed  with 
pufe  materials,  has  been  shown  by  Lord  Rayleigh  to  be 
very  constant,  jinivided  the  temjieiature  be  kept  constant. 
li!>  value  is  1434  volts  at  y^"  C,  but  the  sarialion  willi 
change  of  temperature  is  rather  large,  being  nearly  t  unit 
in  the  I.Tst  figure  of  the  decimrJ  for  each  centigrade  degree 
difference  of  the  temperature  al«)ve  <»r  below  15^' C'     The 


Fig.  »o9.— Clatk 
Sundutl  C'cIL 


'  11i(^tit*ct  value  at  t"  C.  in 
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F..M.F.  diminishes  as  the  cell  gets  warmer,  ami  increases  as 
it  gets  colder. 

The  constancy  of  the  li.M.F.  of  ilie  Danicli's  ct-li,  even 
when  working  unik-r  or<linary  conditions,  has  letl  to  many 
attempts  to  overcome  the  few  oiitstanrling  (lifficullies,  and 
numerous  modifications  have 
been  proposed  and  used  as 
standards  of  K.M.K.  In  all 
these  the  porous  pot  is  dis- 
pensed with,  as  it  introduces 
disturhances  for  which  it  is 
impossible  to  accurately  allow. 
This  introduces  a  fresh  diffi- 
culty, as  for  standard  [Hirposes 
the  two  liquids  of  the  cell 
must  not  be  allowed  to  mix  ; 
or  if  they  do,  thentixed  liquids 
must  be  removed  before  the 
cell  is  used.  Several  ways  of 
meeting  this  difficulty  have 
been  proposctl.  The  method 
described  below  was  devised 
by  I  >r.  T'leming,  and  this  mcjdi- 
ficalion  of  the  I  >anieU's  cell  is 
usetl  as  a  standard  of  E.Nf.F. 
by  the  Kdison  and  Swan 
United  Electric  Light  Com- 
pany, who  were  the  manufac- 
turers, for  a  long  time,  of  all  the  high-resistance  glow  lamps 
used  in  this  country. 

The  form  of  the  cell,  which  is  a  little  complicated,  is 
shown  in  Fig.  aio.  It  consists  nf  a  glass  U  tube,  with  an 
outlet  at  the  bottom  closed  by  a  glass  tap,  D  ;  there  is  also 
near  the  bottom  of  one  of  the  limbs  an  opening,  closed  by 
a  tap,  r.     Near  the  top  of  each  limb  are  side  tubes  leadintr 


Fig.  jio.  — Standitrd  DanieU'*  Cell. 
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to  the  reservoirs,  S  Z  and  S  C,  communication  with  which 
can  he  opened  or  closed  hy  means  of  the  taps  A  and  B. 
Tile  positive  and  negative  elements  when  not  in  use  arc 
kept  in  the  tuhes  Land  M.  The  former  consists  of  a  nxl 
of  /•iiir  zinc  stuck  ihrongh  the  nililter  stoj)|KT,  P,  and  the 
latter  of  a  rod  «( /res/i/y  cl(clrolyf<cd  copper  stuck  through 
the  stopper,  Q.  The  copper  is  electrotyped  just  heft)re  use 
by  beinf;  jilnced  in  an  eleclrnplating  t)nth  (f>age  472)  of 
(oppt-r  sulphate,  and  having  a  thin  layer  of  pure  copjicr 
deposited  im  it.  The  reservoir,  S  Z,  contains  a  solutii)n  of 
pure  /.inc  sulphate,  of  a  density  of  r^oo  at  15"  C,  and  S  (.' 
contains  a  solution  of  copper  sulphate,  of  a  density  of  iioo 
at  ihe  same  temperature. 

When  the  cell  is  to  be  used,  the  taji  A  is  first  opened 
and  the  U  tube  filled  with  zinc  sulphate ;  the  zinc  rod  is 
Ihen  put  in  its  place,  and  the  top  of  the  left-hand  tube 
closed  lightly  with  the  stopper,  P.  The  tap,  C,  is  then 
partly  ojiened,  and  as  the  zinc  sulphate  flows  slowly  out  of 
the  right-hand  limb,  its  place  is  taken  by  rojipcr  sulphate, 
which  is  allowed  to  flow  slowly  through  the  tap  D.  When 
this  is  carefully  done,  the  line  of  demarcation  between  the 
white  and  blue  solutions  is  jwrfectly  sharp,  and  gradually 
sinks  to  the  level  of  the  lap  C,  and  then  both  B  and  C 
are  closed.  The  freshly  electrotyped  copper  rod  is  now 
put  into  its  place,  and  the  cell  is  ready  for  use. 

After  standing  some  time  the  liipiids  diffuse  into  one 
another,  and  the  surface  of  se|iaration  becomes  blurred- 
When  this  happens  the  mixed  liipiid  is  to  be  drawn  off  fn>ni 
C,  and  fresh  li<:|uid  supplied  from  the  two  reservoirs.  The 
E.M.I'.,  when  the  solutions  are  of  the  strength  si)ecified,  !»• 
1072  volts  at  15" C,  and  the  change  of  K.M.K.  for  snuill 
variations  of  ti:mi>erature  is  much  smaller  than  if  h.  in  tl»*- 
Clark  cell. 

The  great  disadv,inlage  of  oil  volt.'iic  cells  uast 
of  electromotive  Torre  is  the  polarisation  which  t 
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when  they  are  allowed  to  send  a  current.  Whenever  pos- 
sible, therefore,  iiieliii^ds  of  testing  sliuuld  be  used  in  which 
no  ciiirent,  or  only  .1  vcr>'  small  one,  is  required.  In  this 
respect  ihc  electrometer  hns  a  j;rcat  advantage  over  the 
vollnater,  for  it  rt'ijuires  only  a  brief  .nnd  iii.ipprecialile  ciir 
rent  to  chafLte  the  (|iiadmnts.  Willi  regard  lo  polari-sation, 
the  l)nnieirs  cell  is  much  better  than  the  Clark,  but  it  has 
the  disadvantage  of  not  Iwing  portable,  for  when  once  set 
up,  any  shaking  of  the  cell  mixes  the  liquids. 

Power. 

In  the  next  electrical  c|uantily,  whose  measurement  we 
pTO|iosc  to  describe  lirielly,  the  electrician  enters  upon  a 
province  which  is  of  uuicli  interest  lo  the  i>rdinary  engineer, 
and  also  lo  the  general  public.  The  t'ustom  of  speak- 
ing of  the  power  of  large  sfejnt-engines,  whether  land  or 
marine,  .is  being  so  many  thousands  of  horse-power,  is  one 
with  which  everyone  who  reads  the  daily  papers  must  be 
familiar.  Whether  everyone  has  an  exact  notion  of  what 
is  meant  is  anoiher  thing,  and  |>erhaps  some  of  our  readers 
may  improve  their  ideas  of  the  general  principles  involved 
by  considering  briefly  the  corresponding  electrical  pro- 
blem!!. For  in  the  modern  industrial  applications  of 
electricity  for  electric  lighting  and  for  ordinary  engineering 
purposes,  one  of  the  most  important  factors  is  the /('/<'<•/■  of 
the  electric  current  emplciycd.  Thus,  lo  take  one  instance 
only,  the  question  of  utilising  the  energy  of  the  Niagara 
Falls  in  distant  <:itics.  resolves  itself  into  the  consitleratiun 
of  how  a  large  amount  of  power  tin  be  elecirically  trans- 
mitted with  economy  from  the  F.ills  to  the  cities. 

Uhat. then,  is (Mjwer  -whether electrical  or  mechanical, or 

in  any  other  form  ?     It  is  simply  the  raff  0/  i/oi'/ijif  iviirk,  or 

he  rate  at  whii  h  energy  is  being  transmuted  from  one  form 

•tber.     If  the  cttr^  is  measured  in pu>t-//is. ,  that  is,  \n 

'  the  amount  of  work  required  to  raise  a  pound 
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weight  one  foot  high,  then  I  he  pro|>er  unit  in  which  to 
tnc.T5iire/r»7crr  is  tl  faotlh.  ptr  iitinuU  or  a  foi-iflt.  pfr  sf(ond. 
Either  of  these  units,  however,  is  too  small  for  the  usual 
engineering  work,  and  therefore  James  Watt  introduce*!  a 
larger  unit  whiciv  he  railed  the  horstpinver,  and  which  he 
defined  thus  : — 

One  horse-power  =  33,000  foot-lbs  per  minute 

Thus  the  horse  that  James  Watt  adopted  as  a  standard  — 
rather  n  good  horse,  by  the  way-  was  alile  to  work  at  a 
rate  equivalent  to  the  raising  of  a  mass  of  33.000  lbs. 
(aliout  15  tons)  one  foot  high  in  n  minute. 

In  electricil  work  the  power  is  quite  simply  obuincd, 
if  we  are  able  to  measure  the  volts  and  the  amjitres  ;  it  is 
the  product  of  the  two,  and  the  unit  was  formerly  designated 
by  the  compound  word  volt-mnpcrt^  but  is  now  known  as 
the  Watt,  in  honour  of  James  Walt,  who  did  so  much  to 
inlrfiducc  cxari  ideas  concerning  power.     Thus  ;— 

One  volt  x:  one  ampere  =  one  Watt. 

But  if  tile  Watt  is  a  unit  of  jiower,  it  is  only  another 
way  of  measuring  the  rate  of  doing  work,  and  must  have  a 
definite  relation  to  the   engineer's   unit,   the   horse -powtr. , 
Such  is,  indeed,  the  case,  for  it  ran  lie  shown  that 

One  horse-power  =  746  Watts, 
and  therefore 

One  Watt  =  44 1  foot-lb?,  per  minute. 

Thus  1,000  Walls  (called  one  kilowatt)  is,  within  a  very 
small  percentage,  equal  to  r  J  horse-power.  It  is  now  quin 
custom.iry  to  speak  of  the  |>owcr  of  a  dynamo  machine 
being  so  many  kilowatts,  and  the  reader  will  perceive  how 
this  corresponds  to  the  engineers'  method  of  speaking  of 
the  |)Ower  of  a  .steam  engine  as  so  many  horsc-powcr.  l-'or 
smaller  electrical  work  the  Walt  is  .i  coi  mit  ;  thus 

a  nnininni   j,ooo  candlc-itower  arc  lamp  Imut  co-. 
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Walts,  and  n  16  candle-power  glow  lamp  re(|uires  about  60 
Watts  when  properly  burning.  For  telegraphic  signalling 
on  an  ordinary  land  line  only,  a  fraction  of  a  Watt  is  usually 
re(|uircd.  and  except  in  large  offices,  primary  batteries  can 
conveniently  supply  the  necessary  power. 

Now,  in  all  the  cases  cited,  and  in  others,  the  power 
supplied  to  any  i)arl  of  an  electric  circuit  can  be  measured 
by  measuring  the  current  in  ainffrts  and  tlie  IM).  in  v»lls  ; 
the  |)roduct  of  the  two  will.yt'/-  sUaJy^  currents,  give  the 
power  in  Watts.  But  measuring  the  power  in  this  way  we  re- 
quire two  instruments,  namely,  a  galvanometer  (or  ammeter) 
and  a  voltmeter.  The  various  forms  of  these  instruments 
have  already  been  described.  If,  however,  our  only  object 
is  to  measure  electrical  power,  and  we  are,  to  some  extent, 
indifferent  to  the  current  or  the  voliage,  it  will  manifestly 
be  advantageous  to  use  an  instrument  which  will  at  once 
itidkixle  the  pim>er,  and  so  save  the  trouble  of  double  ob- 
servations and  snbsetjuent  calculation.  Such  instruments 
are  called  Wattmeters,  and,  though  not  yet  very  widely 
used,  arc  interesting  as  a  step  in  the  direction  of  the  next 
class  of  instnnnents,  the  energy  measurers,  which  are  of 
great  public  imi)ortance  and  interest. 

Wattmeters. — If  the  conditions  of  supply  are  such 
that  either  the  current  or  the  pressure  is  kept  constant 
and  of  a  known  value,  then  obviously  a  suitable  voltmeter 
or  ammeter  can  be  graduated  and  used  as  a  Wattmeter. 
For  instance,  if  the  current  be  always  kept  at  10  amperes, 
then  the  power  supplied  to  any  part  of  the  circuit  can 
be  measured  by  placing  a  voltmeter  across  that  part  to 
measure  the  volts ;  the  volts  multiplied  by  10  will  give  ihe 
j)0wcr  in  Watts,  and  a  scale  of  Watts  might  be  marked  on 
the  instrument  instead  of  volts. 

'  The  DirKlificalion  of  this  proviso,  due  to  the  imperfcclions  of  ihe 
in«lrumcnl«  used,  in  Ihe  case  of  .illemale  .ind  fluctuating  current',  will 
tie  dealt  with  later  (page  449). 
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On  the  other  lwn<l,  if  the  pressure  maintained  between 
two  points  on  the  circuit  he  always  too  volts,  an  ammeter 
measuring  the  current  passing  between  those  points  can 
be  gtadii.ited  as  a  Wailmetcr.  for  the  current  in  am|)^re* 
inuliii)lie(l  by  loo  will  give  the  power  in  Watts. 

In  the  more  general  cise,  however,  a  s|)ecial  instrument 
will  l)c  reiiuircd  to  incasiirc  the  Watts.  'I'he  Siemens'  Klcr- 
tro-I)ynanu>meter,  already  descrilKsd  (pajje  3(^5)  can  easily 
be  modified  for  the  purpose.  All  that  is  reipiired  is  thai 
the  fixe<l  coil,  A  A  (Fig.  190),  be  wound  with  fine  wire,  to 
serve  as  a  voltmeter,  and  its  ends  brought  to  two  binding 
screws.  The  ends  of  the  suspended  thirk  wire  coil,  W  W, 
must  be  disconnort<'d  from  A  A  and  brought  to  anf)lher 
pair  of  binding  screws.  If  now  the  ends  of  A  A  lie  con- 
nected to  the  extremities  of  the  part  of  the  circuit  in  which 
the  power  is  to  be  measured,  a  small  current,  proporlii'ruil 
to  the  volts,  will  flow  through  A  A.  At  the  same  time 
the  full  current  is  passed  through  W  W,  by  means  of  the 
other  pair  of  binding  screws.  The  readings  of  the  instru- 
ment are  proportional  to  the  prodiut  of  the  currents  m 
the  I'lxed  and  movable  coils.  But  as  one  of  these  currents 
is  the  full  current,  and  the  other  varies  as  the  pressure, 
the  product  will  be  proportional  to  the  Walts,  and  the 
instrument  may  bo  graduated  as  a  Wattmeter. 

Lord  Kelvin's  current-weigher,  or  balance,  <!escribed 
on  ]jage  380,  has  been  modified  to  act  as  a  Wattmeter, 
In  this  case  the  circuit  of  the  movable  coils  is  distinct 
from  that  of  the  fixed  coils,  and  its  ends  brought  to  separate 
terminals.  These  movable  coils  are  wound  wuh  fine  wire, 
and  with  additional  rcsisLinces,  if  necessary,  arc  placed  ma 
shunt  across  the  points  between  which  the  Watts  have  to  be 
measured,  so  that  the  current  in  them  is  proportional  to  the 
IM).  of  that  part  of  ihc  circuit.  The  full  current  of  the 
circuit  is  led  through  the  fixed  coils,  and  as  in  the  [itcvitM 
case  the  interact  in?  forces  will  be  proportional  to  the  Walls 
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The  two  Wattmeters  just  referred  to  are  suitaMe  for 
measuring  continuous  current  circuits  only.  Wattmeters 
designed  to  measure  the  power  given  to  any  part  of  an 
alternate  current  rircm't  will  he  dcsrrihcd  in  the  next 
ch.iplor. 

The  electrical  connections  of  all  such  electromagnetic 
Wattmeters,  are  depicted  diaiirammatically  in  V'x^.  211.  B 
and  C  arc  the  icnninals,  from  whiih  the  supply  of  electric 
energy  is  to  he  drawn,  and  15  P  ami 
(.1  F  arc  respectively  the  positive  and 
negative  conductors.  One  of  these 
(say  IJ  1))  is  cut,  and  the  ilividcd 
ends  brought  to  the  main  current 
terminals,  a  fi,  of  the  instrument,  so 
that  ihc  whole  current  passes  through 
the  coil  A,  which,  therefore,  acts  as 
an  ammeter  coil.  The  other  ter- 
minals, /■  (/,  arc  joined,  one  to  the 
positive  lead,  H  I),  and  the  other  to 
the  negative,  C  V.  Inside  the  instru- 
ment these  terminals  arc  joined  to  a 
fine  wire  coil,  V,  which  a<  ts  as  the 
voltmeter  part.  Of  course,  the  two 
coils,  A  and  V.  must  Ih'  so  placed 
that  the  effect  produced  depends  upon  the  proihil.  and  not 
upon  the  sum  of  the  cuitents  in  them.  R  is  an  additional 
resistance,  which  in  some  instruments  it  may  be  necessary  to 
.tdd  to  the  voltmeter  circuit,  in  order  to  hetter  fulfil  the 
conditions  for  voltmeter  working.  The  current  in  k  is  to 
have  no  direct  effect  on  the  deflection. 
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Energy. 

We  now  turn  to  the  last  and,  upon  general  grounds,  the 
must  important  of  the  electrical  quantities,  the  mcasurc- 
nienl  of  which   we  ha\x:   selected   for  description.      The 
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importance  of  exact  uleas  about  energy,  and,  iherefore.  of 
its  exact  measurement,  will,  we  hope,  have  heen  sufficiently 
impressed  upon  our  readers  by  our  preliminary  remarks  at 
page  23.  And  it  is  not  the  least  interesting;  or  curious  of 
the  results  of  the  recent  developments  of  elertrical  science, 
that  they  have  led  to  the  direct  buying  and  selling  of 
energy  a<  energy,  and  to  the  establishinL-nt  by  Act  of 
Parliament  of  a  legal  unit  for  the  purchase  and  sale.  For 
centuries  mankind  has  been  in  the  habit  of  selling  and 
buying  energy  indirectly.  Thus,  when  our  ancestors,  and 
when  we  ourselves,  bought  food,  what  wc  really  wished  to 
purchase,  though  we  were  perhaps  unconscious  of  it,  was 
the  energy  of  the  food,  which,  pro|)crly  applied,  would 
enable  us  to  go  through  uur  daily  avocations.  Considera- 
tions  of  palatability  and  the  like,  though  no  doubt  bulking 
tnore  largely  in  our  minds,  and  not  unimportant  in  them- 
selves, were,  after  all,  subservient  to  the  main  purpose. 
Then,  again,  in  purchasing  coal  or  fuel  of  any  kind,  wlwt 
we  desire  to  possess  and  use  is  the  energy  stored  up  in  the 
fuel,  which  we  transform  into  heat  energy,  and  use  or  waste 
in  various  ways.  In  both  these  cases,  however,  the  thing 
bought  and  paid  for  is  not  so  much  tnerjty,  but  so  much 
mass  of  certain  materials  froni  which  energy  can  be 
obtained  by  certain  well-known  processes.  Of  course,  it 
would  be  much  more  scientific  to  pay  only  for  the  energy, 
which  is  the  thing  ultimately  desired  ;  but  we  fear  that  the 
present  state  <if  chemical  and  physiological  science,  not  to 
mention  the  conditions  of  production  and  cpiestions  of 
luxury  and  taste,  will  not  allow  us  to  estimate  the  value 
of  various  foods  by  specifying  their  nourishing  proi»cnies 
as  measured  by  the  amount  of  available  energy  present  in 
them,  With  regard  to  coal,  the  case  is  different,  and  large 
consumers  now  experiment  carefully  on  the  calorific  jKiwer — 
that  is,  the  nundier  of  available  heat-units — of  the  <  oal  or 
fuel  they   use.     Still,   though   this  may  rei;ulate  the  price 
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they  pay,  the  thing  uhimately  invoiced  is  not  so  many  heat- 
units,  but  so  many  tons  (mass)  of  the  fuel.  The  day  is,  we 
fear,  far  distant  wiicn  the  ordinary  domestic  consumer  will 
buy  his  fuel,  not  by  the  ton,  l)ut  by  the  number  of  heat- 
units  (which  are  units  of  energy)  that  it  will  produce. 

To  understand  how  energy  is  bt^ught  and  sold  electric- 
ally, we  must  return  for  a  few  moments  tu  the  consideration 
of  the  units.  On  page  40S  we  have  detintd  the  Walt,  the 
unit  of  electrical  power,  and  shown  that  it  is  nearly  equal 
to  44J  foot-lbs.  of  work  per  minute.  Therefore,  if  we  supply 
a  circuit  steadily  with  so  many  Watts  for  a  measured  number 
of  minutes,  the  product  of  the  Watts  by  the  minutes  and 
by  44^  will  give  us  the  total  number  of  foot-lbs.  of  energy 
supplied.  This  would  not  be  a  convenient  method  of  cal- 
culating, because  of  the  awkward  constant  (44 J)  involved, 
though  it  would  give  the  result  in  ordinary  engineers'  units- 
It,  however,  illustrates  the  principle  that  to  obtain  energy 
from  power  we  must  multiply  the  latter  by  time.  In 
short,  since  power  is  the  ra/c  of  doing  work,  work  itself, 
or  energy,  must  be  the  product  of  [xjwer  by  time ;  just  as 
the  total  distance  travelled  steadily  by  a  train  is  the  product 
of  its  rain  of  travel  by  the  time  taken  for  the  journey. 

As  the  second  is  tlie  electrical  unit  of  time,  the  energy 
in  eleitriail  units  is  most  simply  obtained  by  multiplying 
the  Watts  supplied  (i.e.,  the  rate  of  supply)  by  the  time 
in  seconds  during  which  the  rate  has  been  maintained. 
The  result  is  e.\|)ressed  in  units  which  are  known  as  JonleS, 
in  honour  of  Dr.  Joule,  who  experimented  so  largely  on  the 
mechanical  equivalent  of  heat.     Thus  we  have 

One  Watt  x  one  second      one  Joule 

This  unit,  however,  is  much  too  small  for  ordinary  supply 
purposes,  and  consciiuently  ttic  Board  of  Trade,  e.xercising 
the  powers  delegated  to  it  by  Parliament,  has  .selected  a 
much  larger  unit,  which  is  now  known  as  the  supply  unit, 
and  which  is  the  .imount  of  energy  supplied  when  a  [mwir 
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of  one  kilowalt  (i,ooo  Walts)  is  mainUincd  steadily  for  one 
hour.      'I'liereforc,    to    obtain    the    ninoiinl    of   L-nergy    in 

supply  units  wc  must  multiply  the  power  measured  in 
kilowatts  by  ihc  time  in  hours,  for 

One  kilowatt  x  one  hour      one  supply  unit. 

l-'roni  ilicsL-  two  ci|«aiion^?  it  is  cany  to  sec  that 

One  supply  unit  =  3,600,000  Joules, 

since  there  are  3,600  seconds  in  one  hour. 

It  is  to  Ik'  regretted  that  the  Board  of  Tndc  has  not 
adopted  some  decimal  multiple,  say  1,000,000,  or,  1>cIIct 
still,  10,000,000,  of  the  Joule  as  the  unit  in  which  to 
measure  the  public  supply  of  electric  energy.  As  it  is,  with 
such  awkward  multipliers  as  3,600  being  introduced,  our 
electrical  units  threaten  to  become  as  roiiiplicated  in  their 
relations  as  the  ordinary  tables  of  iJrilish  vveight-i  and 
ineasures.  | 

In  all  the  |>reccding  wc  have  supposed  liuU  the  power 
is  supplied  steadily  at  a  definite  rate  for  a  certain  time.  If 
this  be  not  the  case,  but  if  the  power  llucluates  from  time 
to  lime,  the  same /r///<7/>/<r  of  calculation  will  hold,  the  only 
necessary  modifiaition  being  that  the  time  must  be  divided 
up  into  intcr\-als,  during  each  of  which  a  certain  steady  rate 
of  s'ipply  may  be  assumed.  The  energy  supplied  during 
each  interval  must  then  be  obtained  by  inuliiplying  this 
rate  of  supjily  by  the  duration  of  the  interval,  and  finally 
the  total  energy  will  be  obtained  by  summing  up  the 
amounts  of  energy  supplied  in  the  various  intervals.  'I'his 
method  of  reaching  the  final  result  is  known  as  inlfi^rnltHX, 
and  may  sometimes  be  followed  out  by  calculation,  but  is 
usually  mu(h  belter  done,  where  po.ssible.  by  appropiiai« 
apparatus.       Such    appat.iliis    ivi-    rum    nr.iiiosc-    ti,   il,-.,  ii'!i4j 

briefly. 

Joulemeters.  — As  with  the  ii.iinucicta,  su 
joulcincicrs,  die  i,tnditions  to  be  fulfilled  by  the  in 
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are  very  much  simplified  if  one  of  the  consiiiuenls  of 
elecirical  power — that  is  cither  itie  pressure  or  the  current 
— be  kept  constant.  It  is  then  only  necessary  to  take  the 
timeitilfgraf  of  the  varying  constituent,  in  order  to  ascertam 
the  energy  supplied.  My  taking  the  tiiiu-inlti^ral,  is  simply 
meant  the  carrying  out  of  the  process  of  summation  indi- 
cated in  the  last  paragraph. 
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A  simple  method  of  taking  this  time-integral,  and  one 
easily  understood,  is  used  in  the  registering  voltmeters 
and  ammeteis  of  Messrs.  Richard  Freres,  of  I'.iris.  The 
self-recording  anuntter  is  rcjiresented  in  Fig.  212.  The 
ammeter  coils,  with  the  pc<  uliarly  sh.iped  niKvaMearniature, 
can  be  seen  on  the  right.  I'he  controlling  force  which 
balances  the  magnetic  action  of  the  coils  on  the  armature 
is  gravity.  The  armature  carries  a  long.  light  pointer,  at  the 
end  of  which  is  a  pen  resting  against  the  cylinder  on  the 
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left,  which  is  covered  with  appropriately  ruled  paper.  The 
cylinder  is  driven  at  a  definite  rate  by  clockwork,  and, 
therefore,  the  pen  traces  a  coiuiuuous  line  upon  it,  the 
height  of  which  above  the  zero  line  depends  upon  the 
immlier  oT  amperes  passing  through  the  coil.  When  the 
cylinder  has  travelled  nearly  once  round,  the  sheet  of  paper, 
with  its  recording  line,  is  removed,  and  a  fresh  sheet  siil)- 
siiluted.  In  some  instruments,  instead  of  this  cylinder  a 
band  of  paper  is  drawn  past  the  pen  at  a  definite  s|>eed. 
On  laying  out  the  used  sheet  fl.at,  the  recording  line  is  seen 
as  an  irregular  curve,  the  vertical  ordinates,  or  distances,  on 
the  paper,  representing  current  in  amperes,  and  the  hori- 
zontal distances  seconds,  or  multiples  th.reof.  Areas  on 
the  pa[x;r,  therefore,  represent  the  product  of  amperes  by 
seconds,  that  is,  coulombs;  and  by  measurin)!  the  area  Ijclow 
the  traced  line,  or  by  counting  the  number  of  little  curvi- 
linear rectangles  in  that  .area,  the  number  of  coulombs  that 
p.issed  through  the  coils  whilst  the  line  was  being  trjiccd, 
can  be  calculated.  If  the  \\A\*it  be  [)erfectly  uniform  in 
thickness  and  quality,  it  is  also  possijjlc  to  estimate  the 
coulombs  by  cutting  out  the  above  area  and  weighing  it. 
A  veitical  lixed  scale  is  placed  just  beyond  the  recording 
pen,  so  that  the  instrument  can  also  be  used  as  an  ordinary 
ammeter. 

The  coulotubs  being  thus  measured,  if  the  supply  has 
been  at  constant  pressure,  the  j>roduct  of  the  coulombs  by 
the  volts  will  give  the  "joules,"  .nnd  these,  dividetl  by 
3,600,000,  will  give  the  number  of  Board  of  Trade  units. 

Electrolytic  Coulombmeters.— Since  the  measure- 
ment of  the  coulombs  can,  with  a  supply  at  constant  P.  t)„ 
be  used  to  find  the  total  atnounl  of  energy  su|)phed,  and 
since  the  vollameUr  is  essentially  a  coulombiueier  (itt 
page  305),  many  attempts  have  been  made  to  devise  a 
voltameter  which  can  be  used  for  the  n^ 
coulombs  drawn  from  a  system  of  publn 
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holders.  One  of  these  which  is  very  widely  used,  was 
designed,  and  has  Ijuen  brought  to  great  perfection,  by  Mr. 
Edison  ;  a  recent  form  of  it  is  shown  in  Fig.  213.  The  four 
bottles  in  the  bottom  part  of  the  case  are  the  voltameters, 
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which  consist  of  ziiiL  ]<lates  in  a  ■solution  of  sulphate  of 
zinc.  The  plates  are  made  of  pure  zinc  alloyed  with  2  per 
cent,  of  mercury,  and  numerous  exi>eriment.s  have  shown 
that  such  plates,  in  a  solution  of  pure  zinc  sulphate,  can  be 
reliud  upon  to  give  an  accurate  mcisure  of  the  number  of 
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coulomlis  ])nssei1.  It  will  be  at  once  obvious  that  the 
voltameters  shown  are  much  too  small  to  measure  the 
whole  current  supplied  to  a  house.  As  a  matter  of  fact, 
only  a  small  fraction  of  the  current  passe*  through  the 
voltameter,  the  fraction  being  so  arranged  that  a  dc]K>sition 
of  10  milligrammes  of  zinc  corres[)onfls  to  i,  a,  4,  or  8 
ampere-hours'  according  to  the  standard  pattern  of  meter 
used.  These  numbers  correspond  to  the  passage  of,  J^j,  „  i ,, 
vssi  and  ,4^  of  t'^e  total  current  respectively.  'I'hc  full 
current,  except  that  used  for  measurement,  passes  through 
the  zig-/:ag  German-silver  resistance  seen  in  the  upper  com- 
partment of  the  aise,  and  the  voltameter,  with  an  added 
copper  wire  resistance,  is  placed  as  a  shunt  across  the  ends 
of  the  Cierman-silver  strip.  As  the  temperature  varies  from 
summer  to  winter,  the  tJerm.nn  silver  strip  dtX"S  not  change 
much  in  resistance,  and  the  usual  fall  of  potential  along  it  is 
04  of  a  volt.  The  resistance  of  the  zinc  sulphate  solution, 
however,  diminishes  with  rise  of  temj)erature.  whilst  that  of 
the  copper  coil  increases.  'I'hus,  the  variation  of  the  resist- 
ance of  one  jKirt  of  the  shunt  circuit  tends  to  counter- 
balance th.it  of  the  other,  with  the  result  that  its  ratio  to 
that  of  the  resistance  of  the  (lerman-silver  strip  remains 
practically  constant,  and,  therefore,  the  same  fraction  of 
the  total  current  is  measured  in  summer  and  winter.  'I'hc 
plates  are  examined  once  a  month  by  an  inspector  from 
the  |>ul>lir  supply  station  ;  when  the  [)ro|)er  time  arrivea^H 
the  voltameter  i.s  carried  away,  and  the  change  of  weighf^^l 
of  the  kathode  plates  determined,  so  that  the  proper 
number  of  coulombs,  or  of  Ho.ird  of  Tr.idc  units,  m.ay  lie 
charged  to  the  consumer. 

The  meter  shown  in  Fig.  213  is  intended  for  use  on 
the  three-wire  system,  which  will  be  described  in  the  next 
section.  The  two  strips  of  German-silver  resistance  arc  for  use 

'  One  amfirt'hntr  =  l  am/>.  ^  J.60O  iftomd  =^  J,6oa  iMifemAt, 
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one  on  the  one  side,  and  the  other  on  the  other  side  of  tlie 
system.  In  some  earlier  forms  of  the  meter  a  glow  lamp  was 
placed  across  the  two  upper  wires,  and  inserted  in  the  case 
in  winter,  to  prevent  the  solutions  in  the  voltameters  from 
freezing.  The  coulombs  passed  through  this  glow  lamp 
were  not  measured  by  the  voltameters.  Though  at  first 
sight  the  necessity  for  periodical  inspection,  and  the  removal 
of  the  meter  for  the  purpose  of  weighing,  would  seem  to 
entail  a  considerable  increase  in  the  establishment  charges 
of  the  central  station,  actual  e.xjierience  shows  that  when 
well  organised  the  cost  is  not  heavy.  Perhaps  a  more 
serious  objection  is  that  the  consumer  has  no  kind  of  check 
on  the  central  station  officials,  since  he  cannot  be  present 
at  the  weighings,  and  has  no  independent  record.  This 
objection  is  said  not  to  have  been  found  very  important  in 
practice,  as  the  consumers  are  reported  to  be  satisfied  that 
the  accounts  sent  in  correctly  charge  for  the  energy  sup- 
plied. A  further  objection  is  that  the  consumer  cannot  by 
inspection  from  day  to  day  ascertain  how  much  energy  he 
is  using,  and  thus  keep  control  over  the  wastefulness  and 
extravagance  of  servants  and  others. 

Other  Forms  of  Public  Supply  Meters.— The  rapid 
extension  of  the  supply  of  electric  energy  from  central 
stations  has  rendered  urgent  the  production  of  a  good 
joulemeter,  or  encrgy-imter,  adapted  to  the  measurement  of 
the  actual  energy  sup|)1ied  to  the  consumer,  just  as  a  gas- 
meter  is  supposed  to  measure  the  total  quantit)'  of  gas 
delivered.  The  demand  thus  created  has  been  rcs[K.>nded 
to  by  many  inventors,  and  numerous  instruments  designed 
to  satisfy  it  have  been  produced.  Of  these  instruments 
only  two  or  three  can  be  described  here.  These  are  selected 
from  amongst  those  that  have  come  most  widely  into  use, 
but  there  are  others,  perhaps  as  widely  used,  which  must 
be  (jassed  by  unnoticed.  The  selection  has  been  made 
wther  with  ics[ject  to  the  chief  principles  utilised  being  set 
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forlh.  It  may  l.)e  remarked,  in  pjissing,  lli.it  Iht  niclor  which 
is  to  supersede  all  others,  has  not  yet  sutheiently  asserted 
itself,  and  that  it  is  impossible  at  the  present  moment  to 
say  whicli  will  succeed  in  the  struggle  for  the  "  survival  of 
the  fillesl."  In  this  struggle,  provided  an  instrument  Ik:  u\ 
itself  good,  business  energy  and  enterprise  will  tell  as  much 
as  scientific  merit. 

From  the  j>oint  of  view  of  the  consumer,  the  conditions 
to  be  fulfilled  are  comparatively  simple.  Accuracy  stands 
first.  Then  simplicity  or  its  equivalent,  namely,  small 
liability  to  get  out  of  order.  Also  it  is  desirable  that  the 
meter  should  exhibit  on  a  ilial,  or  dials,  a  rcrord,  which  can 
be  inspected  by  the  consumer,  of  the  total  energy  which 
has  bcxn  measured  ui)  to  the  time  of  inspection.  Again, 
no  more  attention  should  be  retjuircd  than  ran  l>c  given  by 
periodical  visits  at  long  intervals  by  a  skilleii  insjiector  frutn 
the  central  station.  1-islly,  the  meter  should  not  consur»c 
much  energy,  as  energy  so  consumed  is  practicnlK  lust, 
cither  to  the  supi'ly  company  or  to  the  consumer. 

The  most  satisfactory  instrument.s,  other  things  liciiig 
ei]ual,  are  obviously  those  which  measure  energy  directly, 
and  not  those  whiih  only  do  this  indirectly  by  measuring 
one  factor  (the  a>utomhs.\  and  leaving  the  constancy  of  the 
other  factor  (ilie  vulli)  to  chance.  The  following  insttu- 
uienis  fulfil  this  i  onilitiun 

Aron's  Energy  Meter.  Many  years  ago  (in  i8Si), 
Professors  Ayrtun  and  Terry  constructed  an  energy  meter, 
in  which  li)c  electric  energy  was  measured  by  the  i'  ■ 

eleclro-m.ignetirally  of  the  rate  of  a  well  construe! 
A  voltmeter  coil  of  high  resistan<°e,  placed  a.-s  a  .nhunt  in  the 
circuit,  was  attached  to  the  enil  of  the  pendulum,  below 
which  was  a  stationary  ammeter  coil  carrymg  the  full 
current.  The  mutual  actions  between  the  currents  m  the 
two  coils  altered  the  rate  at  which  the  pendulum  swung  by 
an  amount  jiroportional  to  the  product  of  the  two  currents. 
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and  therefore  proportional  to  the  walls  under  measurement. 
The  swinging  of  tlie  pendulum  added  up  or  integrated  all 
these  alterations,  and  conseriuently  the  amount  by  which 
the  clock  went  wrong  during  the  whole  period  dealt  with 
was  proportional  to  the  tola!  energy  to  be  measured. 

The  chief  diffii  ulty  in  carrying  out  the  idea  was  to  get 
a  clock  which  should  go  with  absolute  arruracy  when  no 
currents  were  passing,  or  at  least  one  which  should  hy 
itself  gain  or  lose  with  perfect 
regularity.  I>r.  .^ron  has  mi  t 
this  ditViculty  by  using  two  clocks 
controlle<l  by  two  separate  jjen- 
dulums.  The  ordinary  clock 
face  is  removed  and  replaced  by 
a  set  of  counting  dials,  similar 
to  those  used  in  gas  meters.  The 
first  of  these  is  so  geared  to  the 
mechanism  of  liolh  clocks  that 
when  the  pendulums  are  swinging 
synchronously  no  record  is  made 
on  the  dials  ;  in  fact,  the  clocks 
are  set  to  work  against  one 
another  on  these  recording  di.nls. 
The  pendulums  are  so  adjusted 
that  when  there  are  no  currents 
passing  through  the  meter  they  keep  time  with  one 
another,  and  this  condition  of  no  record  is  attained. 

In  the  meter  depicted  in  Fig.  214  the  pendulum  of  the 
left-hand  clock  is  an  ordinary  pendulum,  and  is  unaffected 
be  the  currents  in  the  meter.  The  right-hand  pendulum, 
however,  is  of  ver)-  special  construction.  The  bob  consists 
of  a  horizontal  spindle  fixed  as  shown,  and  carrying  a  fine 
wire  coil  of  high  resistance,  which  is  placed  as  a  shunt 
across  the  terminals  of  the  house,  or  that  part  of  the  circuit 
the  consumption  of  energy  in  which  has  to  be  measured. 


Ftff  S14.— Dr.  Anm'sEnerKir  Meter. 
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It  thus  acts  as  a  voltmeter  coil,  the  current  in  it  being 
proportional  to  the  |)rcssurc  at  these  terminals.  Surround- 
ing this  moving' coil,  and  co-axial  with  it,  is  a  fixed  coil, 
consisting  of  a  few  turns  of  thick  wire,  through  which  the 
full  current  supplied  is  passed.  The  mutual  force  between 
the  coils  in  any  position  varies  as  the  product  of  the  two 
currents,  one  in  each  coil,  But  one  of  these  currents  con- 
sists of  the  actual  amperes  supplied,  and  the  other  is 
proportional  to  the  volts  ;  the  product  is  therefore  pro- 
portional to  the  volt-amperes  or  watts.  Now.  this  mutual 
force  alters  the  lime  of  swing  of  the  right-hand  pendulum, 
and  therefore  the  twc)  pendulums  no  longer  swing  in  uni.son. 
The  dials,  therefore,  begin  to  record  the  difference  in  the 
swings,  which  is  proportional  to  the  forces  called  into  play 
on  the  right-hand  side.  The  actual  amount  recorded  will 
depend  not  only  on  this  difference,  but  also  on  the  total 
number  of  swings — that  is,  on  the  time.  Thus  the  record  is 
proportional  to  walls  multiplied  by  time — that  is,  to  energy " 
measured  m  joules— and  by  a  proper  calibration  experiment 
the  actual  amount  of  energy,  either  in  joules  or  Hoard  of 
Trade  units,  corresponding  to  one  division  on  anv  of  the 
dials,  can  be  ascertained. 

A  large  class  of  meters  are  simply  small  electric  motors 
actuated  by  the  current,  and  with  a  countmg  arrangement 
to  record  the  total  number  of  revolutions  of  the  armature. 
The  aim  is  to  make  the  speed  of  revolution  exactly  pro- 
jwrtional  to  the  power  supplied,  in  which  case  the  total 
number  of  revolutions  will  be  proportional  to  the  total 
energy.  One  of  the  simplest  and  most  ingenious  of  such 
meters  designed  by  Professor  Elihu  Thomson,  and  used 
largeTy  in  the  United  Slates,  is  shown  in  Fig.  115.  The 
electric  motor,  which,  as  explained  at  page  696,  is 
simply  a  dynamo  worke<l  t>ackwards,  consists  of  n  drum 
armature.  M,  mounted  on  a  vertical  axis,  K^  and  wound 
with  fine  wire,  which  forms  part  of  the  shunt  or  voIlmeK 
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circuit  of  the  nieter.  'I'he  current  is  introduced  into  the 
annnture  in  the  usual  way,  by  means  of  the  IjrnshfS  and 
comniuUtor,  and  to  avoid  the  uncertainly  due  to  ciwnge  of 
permeabihty  in  iron,  none  of  this  metal  is  used  either  in  the 
armature  or  field-magnet  part  of  the  motor.  The  field 
magnets  are  the  two  large  coils  which  are  so  prominent  in 


Fig.  aij. — Elihu   Ihuiitson  >  \An.t^-f   Meier. 

the  figure.  These  coils  carry  the  full  current  su|)plied, 
and,  as  there  is  no  iron,  produce  a  field  through  the  armature 
very  accurately  proportional  to  this  current.  In  series  with 
the  armature  conductor  are  a  few  turn.s  of  wire  on  the  field 
magnets ;  but  the  greater  part  of  the  resistance  of  the 
shunt  circuit,  consists  of  a  non-inductive  '  resistance,  the 
presence  of  which  in  the  voltmeter  circuit  enables  the  meter 
to  be  used  for  alternate,  as  well  as  continuous  currcnt.s. 
In  the  lower  part  of  the  meter  is  the  brake,  which  retards 
■  For  tlie  meaning  of  this  term,  we  p.  450. 
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the  motion  of  ihc  annalure.  It  consists  of  a  disc  of  copper, 
D,  mounted  on  the  same  axis,  and  rotating  between  the 
poles  of  three  horse-shoe  steel  magnets.  It  is,  in  fact,  an 
application  to  a  practical  purpose  of  Foucault's  experiment, 
described  on  pnge  iSS.  As  the  disc  rotates  currents  are  set 
up  in  it  wiiich,  by  I,en/.'s  Law,  tend  to  slop  tiie  rotation. 

The  principle  on  which  the  motor  works  is  ea.sily  under- 
stood. When  currents  are  flowing  in  both  the  armature 
and  tlic  field  magnet  coils,  the  mechanical  couple  tending 
to  turn  the  armature  is  proportional  to  the  product  of 
these  currents,  that  is,  to  the  watts  to  \x  metered. 
'I'he  couple,  with  which  the  electro  magnetic  brake  lends 
to  stop  the  rotation,  is  directly  jjroportional  to  the  speed, 
and  when  the  speed  becomes  uniform  these  two  couples  arc 
exactly  equal.  Thus,  for  a  steady  rate  of  rotation  the  spcwl 
is  proportional  to  the  watts,  and  the  number  of  revolutions 
has  only  to  be  counted  to  a.sccrtain  the  total  energy.  This 
counting  is  done  by  means  of  a  worm  on  the  ujjper  end  of 
the  axis,  gearing  into  a  toothed  wheel  which  actuates  the 
counting  mechanism.  The  <lials  ran  be  made  In  record 
Hoard  of  'J'rade  units  (kilowatt-hours)  directly,  by  either 
moving  the  magnets  of  the  electro-magnetic  brake,  or 
altering  the  non-inductive  resistance. 

The  above  example  will  give  our  readers  a  general  idea 
of  the  way  in  which  the  "electric  motor"  meters  work. 
The  chief  difficulty  is  to  so  adjust  the  retarding  forces  that 
at  all  loads  the  speed  shall  be  strictly  proportional  to  the 
watts.  In  the  FJihu  Thomson  meter  magnetic  friction  ; 
used  for  this  puriK»sc.  Iji  others  some  form  of  fluid  frirtion,^ 
either  of  the  air  or  of  liquids,  is  employed.  Another  dilVi- 
cutty  is  to  so  din)inish  the  solid  friction  resistances  that  the 
meter  will  run  on  light  loads.  For  instance,  son^c  sixly- 
latnp  meters  will  not  move  at  all  when  only  one  lamp  is 
burning.  The  subject  of  alternate-' ii'"-'i<  i>».i''"-  will  be, 
l)ricfly  referred  to  in  the  next  chapi' 
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ALTERNATE    CURRENTS. 

In  the  preceding  chapters  of  this  section  we  have  endea- 
voured to  set  forth,  in  as  simple  a  form  as  appears  possible, 
the  laws  which  govern  the  steady  flow  of  the  electric  current 
as  a  conductor ;  these  laws  are  the  outcome  of  direct 
experiment.  We  have  also  shown  how  the  laws  have  led  to 
the  elaboration  and  construction  of  instruments  designed  to 
measure  the  various  quantities  involved,  whether  these  be 
current  strength  or  pressure,  or  whether  ilicy  be  the  still 
more  important  j^hysical  entities — energy  and  power.  We 
have  purposely  refrained  from  considering  the  particular 
cases  in  which  ihe  current  is  ttot  a  steady  one,  hut  has  a 
i  JiiiifHaihig  or  an  oscillatory  character  ;  that  is.  where  the 
magnitude,  or  oftentimes  both  the  magnitude  and  direction 
of  the  current  are  continually  changing  in  a  more  or  less 
periodic  manner.  The  reason  for  this  course  is  not  that 
any  new  principles  or  laws  are  involved,  other  than  those  lo 
which  we  have  already  drawn  attention,  but  because  the 
application  of  the  principles  and  laws  to  these  cases 
involves  some  curious  and  most  interesting  consequences, 
which  we  think  will  be  more  readily  appreciated  if  brought 
together  in  one  place. 

The  kinds  of  fluctuations  of  currents  with  which  we  have 
to  deal,  are  sometimes  divided  into  two  clas.ses.  The  first 
is  usually  referred  to  as  a  pulsolinf^  or  iindulatory  current, 
and  is  such  that,  whilst  the  current  is  always  in  the  same 
dirtctwn,  its  magnitude  varies  between  certain  maximum 
and  winiiHiim  limits.  It  may  be  likened  to  the  flow  of  bloo<l 
in  the  arteries  :  this  llow  is  always  in  the  .same  direction. 
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but  is  alternately  quicker  as  the  heart  beats  and  slower 
in  the  intervals  between  the  beats  ;  if  we  were  measuring 
the  flow  from  instant  to  instant,  we  should  find  that  it  was  a 
puhaliiii^  flow.  Electric  currents  having  the  same  character 
are  widely  employed,  more  especially  in  connection  with 
telephony. 

The  other  kind  of  current  fluctuations  are  those  in 
which  the  current  is  alternately  in  nppmitf  dirtctwHs -\\\aK  is, 
it  has  at  one  instant  a  certain  maximum  value  in  one  di- 
rection, and  then  falls  to  zero,  is  reversed,  and  rises  to  a 
corresponding  value  in  the  opposite  direction,  from  which 
it  again  falls  to  zero,  is  again  reversed,  and  rises  to  its 
former  value  in  the  first  direction ;  these  changes  being 
repeated  over  and  over  again.  Such  currents  are  usually 
referred  to  as  ouMifflry  or  altenialt  currents.  The  changes 
which  they  undergo  may  be  compared  with  the  movements 
of  a  pendulum.  The  central  position  of  the  bob  is  the  icro 
position,  uT  position  of  rest,  and  corresponds  to  the  con- 
dition of  no  current  ;  whereas  the  positions  to  right  and 
left  of  it  may  lie  regarded  as  corresponding  to  currents  in 
opposite  directions.  Starting  from  its  extreme  position  on 
one  side,  the  bob  passes  through  the  zero  position,  rise*  to 
the  extreme  position  on  the  other  side,  ag.iin  returns  to 
r.ero,  and  rises  again  to  its  first  position,  to  repeat  these 
changes  over  and  over  again  as  long  as  its  motion  continues. 
Electric  currents  h.iving  a  similar  oscillatory  chamrtcr  .ire 
used  in  telephony,  but  have  acc]uired  great  im|)ortancc 
during  the  last  few  years  in  connection  with  the  much 
heavier  work  of  electrical  engineering,  more  especially  in 
electric  lighting  and  transmission  of  power. 

In  what  fi)llows  we  shall  not  make  any  distinc  tion   be- 
tween these  two  classes  of  fluctuating  current.s,  though  our 
remarks  will  be  more  especially  applicable  lo  the  second 
class — n.imrly.  the  ^' iillcritaU"  currents.     In  1" 
liowcvcr,  ihc  additional  factor,  which  causes  their 
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to  differ  from  that  of  steady  currents,  is  the  same  ;  and  if  we 
trace  out  its  consequences  in  one  case,  there  will  be  h'ttlc 
difficulty  in  foreseeing  at  least  its  chief  eftecis  in  the  other. 
This  additional  factor  is  the  electric  pressure  caused  by  the 
self-induction  of  the  circuit. 

Laws  of  Altepnate  Currents. 

We  have  already  (pages  182  to  1S5)  briefly  described 
what  is  meant  by  self-induction,  and  pointed  out  its  effect 
when  a  circuit  is  made  or  broken.  In  each  ca.se  we  found 
that  the  self-induction  sets  up  a  pressure  or  an  E.M.F.  in 
the  circuit  which  trlnrji  the  change  that  is  taking  place. 
When  the  circuit  is  first  nunie  the  self-induction  retards  the 
rise  of  the  current,  and  when  the  circuit  is  broken  it  retards 
t/te  fall  of  xhc  current.  A  moment's  consideration  will  show 
that  the  same  kind  of  efTecls  must  be  produced,  not  only 
when  the  current  is  made  or  broken,  but  also  when  any 
change  takes  place  in  either  its  magnitude  or  direction.  Vox 
the  number  of  lines  of  magnetic  force  which  pass  through 
any  circuit  depends  not  only  on  the  si/e  and  shajjc  of  the 
circuit  and  llic  character  of  the  .surrounding  medium,  but 
also  upon  the  viuj^nitude  of  the  current  in  the  circuit.  If, 
therefore,  the  magnitude  of  the  current  be  altered  in  any 
way,  the  number  of  lines  passing  through  the  circuit  will  be 
changed,  and  whilst  this  alteration  is  taking  place,  the  laws 
of  magneto-electric  induction  (page  174)  tell  us  that  there 
will  be  (in  induced  E.M.F.  in  the  circuit,  and  that  this  in- 
duced K.M.I'",  will  be  such  as  will  tend  to  retard  the  change 
which  causes  it ;  that  is,  in  this  case,  the  change  of  current. 

The  chief  peculiarity  of  self-induction,  therefore,  is  that 
it  only  affects  the  current  in  a  circuit  when  that  current  is 
changing  its  value.  Let  it  be  remembered  that  this  is  due 
to  the  fact,  that  with  each  alteration  of  current  there  is  an 
alteration  of  the  amount  of  strainener^  stored  in  the  siir- 
roundin/i  mediunt.     Thus,  when  the  current  is  increased  the 
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quantity  of  energy  so  stored  is  increased  also,  and  the  increase 
in  the  stored  energy  being  obtained  from  tlie  energy  of  the 
current,  that  turrent  must  have  less  than  its  final  value  whilst 
the  process  of  storing  is  progressing.  (Jn  the  other  hand, 
when  the  current  is  diminished  the  amount  of  energy  stored 
in  the  medium  is  also  diminished,  and  the  diflercnce  between 
the  quantities  of  stored  energy  belonging  to  the  larger  and 
smaller  values  of  the  current  is  restored  to  the  circuit  in  the 
form  of  current  energy  which,  whilst  it  is  coming  in,  keeps 
the  current  in  liie  circuit  above  its  final  value. 

Before  we  proceed  to  consider  special  cases,  we  must 
ex]>lain  the  meaning  of  the  terms  cyclic  and  periodic — terms 
which  we  shall  frequently  have  to  employ.  Any  set  of 
changes  is  cyclic  when  the  function  subjected  to  change 
returns  after  the  changes  to  its  initial  value  or  slate,  so  that 
the  net  result  of  the  changes,  as  far  as  the  function  considered 
is  concerned,  is  »il.  The  changes  are  not  only  cyclic  but 
periodic  if,  when  the  function  has  returned  to  its  first  value, 
these  changes  .ire  reptaUd,  again  and  again,  in  precisely  the 
same  order.  Thus,  the  motion  of  a  pendulum,  or  of  the 
fly-wheel  of  a  steam  engine,  is  cyclic  and  periodic,  whilst 
the  motion  of  n  train  on  the  Inner  ("ircle  or  I'ndergroiind 
Railway  of  London  is  cyclic  i)ut  not  periodic,  because  the 
details  of  the  successive  cycles  are  not  precisely  similar.  In 
periodic  changes  the  time  taken  to  go  through  a  complete 
cycle  is  called  the  periodic  time,  or,  more  shortly,  the 
period :  whilst  the  number  of  complete  cycles  in  a  given 
time  (for  instance,  in  one  second)  is  known  as  ihe  frequency. 

Let  us  now  endeavour  to  trace  the  effect  of  self-induc- 
tion on  a  simple  circuit,  in  which  the  E.M.F.  due  to 
external  muses  is  an  oscillatory  or  alternate  one,  nnd  in 
which,  therefore,  the  resulting  currents  have  necesttrily  a 
similar  character. 

For  this  pur|>osc  we  select  the  case,  already  i 
sidered    {•<idc    p.Tt'i'    in?),    of   a    siiniilr    \>i>>\'    roi. 
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unifonn  speed  in  a  constant  magnetic  field.  We  have 
previously  shown  that  the  li.M.F.  induced  in  this  loop  can 
be  gra])hically  depicted  in  a  curve  which  we  reproduce  here 

'(l''ig.  216)  with  some  additions.  The  points  on  the  line 
X  X',  represent  successive  instants  of  /////<•,  and  the  ptr- 
^endicuhr  distances  of  the   points  on  the  various  curves 

'from  this  line  represent  at  each   instant  the  values  of  the 

quantities  to  which  the  cur\'es  refer.     These  quantities  have 

ositivt  values  (/>.,  have  a  certain  direction)  for  all  positions 


Fig.  ji6.— EfTect  of  Self* Induction  on  Current  in  a  Simple  Loop. 


'btn>f  X  X',  whilst  their  values  are  negative  {i.e.,  have  the 
|>posile  direction)  for  all  positions  hdirn'  X  X'.  In  all 
phic  figures  of  this  kind  these  conventions  will  be  used, 
he  curve,  V.  E'  R,  represents  the  E.M.  K.  set  up  in  the 
ircuil  by  tnagnelo  electric  induction,  as  explained  at  page 
95.  This  we  shall  briefly  refer  to  as  \\\m  impressed  E.M.F. 
t  takes  account  of  all  (he  E.M.l'.'s  in  the  circuit,  with  the 
xception  of  those  due  to  self-induction.  The  correspond- 
Jng  turrenl  is  shown  by  the  fine-line  curve  C  C  C".  The 
ales  for  the  two  curves  are,  of  course,  different,  one  being 
volts  and  the  other  in  umperes. 
The  first  jjcculiarity  that  we  notice  about  the  current- 
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curve,  C  C  C",  is  that  it  /arfi  behind  the  E.M.F.  curve.  For 
instance,  the  maximum  value,  C,  of  the  current  occurs 
litttr  than  the  maximum  value,  E',  of  the  E.  M.F.  by  the 
interval  of  time  represented  by  /  m  on  the  horizontal  scale. 
A  little  consideration  of  the  physical  changes  that  are  taking 
place  will  show  why  this  lagging  occurs.  During  the  suc- 
cessive instants  preceding  the  moment  represented  by  /,  the 
E.M.F.  has  been  gradually  increasing  in  value  from  b  k  to 
E'  /.  During  the  same  time  the  current  has  also  been  in- 
creasing, but  at  the  time  /  has  not  reached  the  value  corre- 
sponding to  the  E-M.F.,  E'  /,  because  of  the  retarding  effect.", 
of  self  induction.  The  current  at  the  lime  /  is  ilUl  in- 
creasing, and  if  the  E.M.F.  were  kept  steady  at  the  value, 
E'  /  would  eventually  reach  a  higher  value  than  c'  /,  its 
value  at  ihe  time,  /.  But  after  (Kissing  /  the  E.M.F.  begins 
to  lull  off,  though  it  is  still  in  the  same  direction.'  The 
increase  of  current,  therefore,  continues,  but  at  a  slmttr  ratt 
than  it  would  have  done  had  the  E.  M.  F.  remained  steady  ; 
and,  therefore,  nci'cr  reaches  Ihe  value  corresponding,  according 
to  Ohm's  law,  to  Ihe  maximum  value,  E'/,  of  Ihe  E.M.F. 
Finally,  owing  to  the  falling  off  of  the  E.M.F.,  the  cunenl 
ceases  to  increase  sooner  than  it  would  have  done,  and 
reaches  its  maximum  value  at  the  time  ///,  which  is  neces- 
sarily later  than  the  time  /. 

To  further  assist  our  readers  to  understand  the  effects 
of  self-induction,  we  have  drawn  the  scries  of  curves  in  Fig. 
217.  These  curves  are  all  E.M.F.  curves.  E  E'  E  is  the 
cuive  of /w//'cj«(/ E.M.F.,as  in  Fig.  216.  The  curve,  r  r' r, 
represents  the  values  of  the  E.M.F.  of  self-inductioru  This 
curve  depends  upon  the  nitt  of  change  of  the  current,  and 
by  comparison  with  Fig.  216,  it  will  be  noticed  that  it  is 


'  In  all  oar  diagrnnis  ainl  atguinents  it  mutl  be  dittinclly  uudo> 
stood  that  we  are  m>l  tefcifloK  to  the  firti  stail  of  the  current,  but  to  a 
time  wlieii  itie  mipieswil  K. M.F.  ha*  been  aclmg  long  cnou|{h  fn»  lti» 
current  ti)  lake  a  truly  lytiii  and  fvntiiUt  (;hanicter. 
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always  negative  {i.e.,  below  X  X').  whilst  the  current  changes 
from  its  maximum  negative  value,  C  j  (Fig.  216),  to  its 
maximum  positive  value,  C  m,  and  positive  whilst  the 
current  is  changing  from  C  ///  to  C  //.  Also,  that  the 
E.M.F.  of  sell-induction  is  a  maximum,  «•/,  as  the  current 
passes  through  the  value  zero  at  /.'  Finally,  the  curve, 
H  H'  H,  of  (fftclive  E.M.F.,  is  obtained  by  al^elmtically 
adding  the  two  curves,  E  E'  E  and  e  e  e,  together.  By 
algtbraically  adding   we   mean    that,   wherever  the   values 
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I  re|.)resentcd  by  these  two  curves  are  on  the  sume  side  of 
X  X',  they  are  to  be  added  to  give  the  corresponding  value 
of  the  etlective  E.M.F.,  and  wherever  they  are  on  opposite 
I  sides  of  X  X',  ihcy  are  to  be  subtraded  from  one  another, 
[and  the  value  for  H  M'  H  marked  on  the  side  of  ihe 
[greatest.  An  inspection  of  the  figure  will  show  that  this 
I  has  been  done. 

Returning  now  to  Fig.  216,  the  values  I'rom  which  the 
(current  curve,  C  C'C,  is  plotted  are  obtained  by  dividing 
the  successive  values  of  the  elTective  E.M.F.  in  the  curve, 
H'  H,  by  the  resistance  of  the  circuit.     In  other  words, 

'  The  coTroponding  leuerj  in  the  two  figures  are  the  saiiii;. 
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to  obtain  the  current  from  the  E.M.F.,  Ohm's  law  must  be 
applied  lo  the  fffrctive  E.M.F.,  instead  of  to  the  imprtaed 
K.M.F.  This  is  only  another  way  of  saying  that  in  apply- 
ing Ohm's  law  to  a  circuit  in  which  the  impressed  E.M.F. 
is  not  steady,  the  whole  of  the  E.M.F. 's,  due  lo  all  causes  in 
that  circuit,  must  be  taken  into  account. 

There  is  still  another  effect  of  self-induction  which  has 
only  been  incidentally  noticed  in  the  foregoing.  Not  only 
does  the  self-induction  cause  the  current  curve  to  /i/^behind 
the  curve  of  impressed  ICM.!"".,  but  it  also  causes  the 
effective  EM.F.,  and,  therefore,  the  actual  current,  to  have, 
on  the  whole,  a  lesi  ni/ite  than  it  would  have  had  if  there  had 
been  no  self  induction.  t")bviously,  the  mean  values  of  the 
E.M.F.  s,  depicted  by  the  curve,  H  H'  H,  is  less  than  those 
depicted  by  the  curve,  E  E'  E.  Thus,  the  effects  of  self- 
induction  in  a  circuit,  subjected  to  a  fluctuating  EM.F.,  are 
two-fold,  and  maybe  summarised  thus: — The  cnrnnt  lagt 
bthiiid  the  impressed  E.  M.  F.,  and  its  mean  value  is  diminished. 
This  statement  is  true,  whatever  be  the  kind  of  lluctiiation 
of  the  impressed  E.  M.F. 

The  above  results  have  been  reacheil  by  sunply  con- 
sidering the  problem  from  the  physical  side,  the  graphic 
diagrams  Iwing  only  given  to  help  the  reader  to  foUow 
mentally  the  changes  taking  place  No  reference  has  been 
made  to  the  numerical  lalcuhttions  involved,  nor  do  wc 
pri)|)<jse  to  trouble  our  readers  with  the  details  of  the  mathe- 
matical analysis.  There  are  two  reasons  for  omitting  these 
details.  In  the  first  (ilace,  the  mathematics  involved  are  Ux 
beyond  the  plan  of  this  book ;  and  secondly,  because 
modern  mathematics  aie,  as  yet,  only  competent  to  deal 
with  some  of  the  simplest  cases  that  occur  in  ai'tual  work 

Still,  it  is  not  impossible  to  indicate  in  a  simple  manner 
tl)C  cionsideraiioiis  which  influence  the  magnitude  of  the 
various  effects.  Obviously,  one  of  the  chief  factors  is  the 
niiim-rif-il   rn.Tcnitiule  nf  thi    '.plf-inilinlinn    or  .1^  it    i.s  more 
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shortly  called,  liic  inductance,  of  tlio  circuit.  There  are 
several  ways  of  defining  this  quantity,  but  for  our  purpose 
the  following  definition  will  he  the  most  convenient :  — 
T/if  indiicliiiue  of  any  draiit  is  the  ratio  of  the  total  mtml>er  oj 
magnetic  tines  ic/iii-h  the  current  causes  to  fiass  t/ir'iui;/i  the 
circuit  to  the  value  of  the  current,  or : — 

,    ,     .  Number  of  Magnetic  Lines  due  to  Current 

Inductance= ^—- — 

Current. 

If  the  medium  surrounding  the  circuit  be  free  from 
magnetic  materials,  then  the  above  ratio  is  the  same  for  all 
values  of  the  current ;  but  if  there  be  masses  of  iron  or 
other  magnetic  material  near  the  tinuil  then  I  he  ratio  is 
different  for  each  value  of  the  current,  because,  as  we  have 
already  seen,  the  number  of  lines  set  up,  in  this  case,  by 
different  currents  is  not  proportional  to  the  current. 

In  what  follows,  we  shall  usually  consider  the  inductance, 
which  we  shall  denote  by  the  letter  "  L,"  as  constant.  If 
the  current  be  measured  in  amperes,  and  the  number  of 
n)agnetic  lines  be  counted  in  bundles  of  1,000  millions  (i.e., 
each  bundle  of  i,ooo  millions  is  to  be  counted  as  oni-  line 
only),  then  the  inductance  is  measured  in  "  henrys,"  a 
name  which  has  been  given  to  the  unit  of  ituluctance  in 
honour  of  Professor  Henry,  of  Princeton,  to  whose  researches 
we  have  already  (page  182)  referred. 

The  next  quantity  to  which  we  must  draw  attention  is 
even  more  important  physically  than  the  inductance,  though, 
as  a  matter  of  fact,  its  value  depends  on  that  of  the  induct- 
ance. This  (juantity  is  known  as  the  time  constant  of 
the  circuit,  and  may  be  defined  as  the  ratio  0/  the  inductance 
to  the  resistance,  or  :  — 

Inductancc_L. 
Resistance      B. 

At  first  sight  it  may  appear  somewhat  strange  that  we 
I  should  refer  to  the  above  ratio  as  a  time.     To  explain  this 
cc 
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we  must  remind  our  readers  that  we  have  already  pointed 
out  that  on  first  closing  any  circuit  in  which  there  is  a 
steady  E.M.I-".,  the  currenl  does  not  at  once  rise  to  its  full 
value,  given  by  Ohm's  law  as  \ .  Now,  hoth  experiment 
and  calculation  show  that  the  factor  which  determines  the 
rate  of  rise  is  the  above  ratio,  and  that  the  current  actually 
reaches  36  8 /r/-  coit.  of  its  final  value  in  the  time  given  by 
that  ratio. 

If  the  inductance  be  measured  in  htnrys,  and  the  re- 
sistance in  ohms,  the  value  of  the  time-constant  is  given  in 
seconiis.  Tiie  following  table  gives  the  value  of  the  time- 
constant  in  various  pieces  of  representative  apparatus  com- 
monly used  in  electrical  work  : — 

Table  VIII. —Values  of  Ti.me-Constant^. 


Kl»t>  or   .XlTAItATlfR. 

lmit'CoNsr;iNT(||^ 

IX  SKCnxus. 

Mirror  Galvanomclci  (S,ocx>  ohms  resistance)    ... 

"0004 

bell  Telephone 

•001 

Electiic  Trembling  Bell 

-0048 

Telephone  Call-Bell  (Magnelo) 

•017 

T   J            „    ,  f  ffiniary  Circuit 
.,         Induction  Lo>^  ,^^^„j^^  ^.j^^, 

•0115 
■0045 

Large  Induclion  Coil  I  Primary  Circuit 

•09 

(1910.  X  Sin.)       1  Secondary  Circuit 

•06s 

Telegraphic  Relay 

•02  to  -05 

Since,  then,  the  timc-con.stant  is  such  an  important 
factor  on  the  mere  starting  of  a  current  in  a  circuit,  it  is 
obvious,  from  the  physical  reasons  for  its  existence,  that  it 
must  also  be  of  importance  whenever  the  current  is  changing, 
and  that  the  larger  the  time-constant,  the  longer  must  he 
the  time  taken  to  complete  any  given  change  in  the  value 
of  the  current  It  is  not,  therefore,  surprising  that  we  find 
this  particular  time  to  be  of  great  importance  in  all  circuits 
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in  which  the  ini|>ressf(l  K.M.F.  is  cyclic  and  periodic  with 
a  very  short  ])crio(iic  time  (page  428).  In  ail  such  circuits 
a  complete  series  of  changes  have  to  be  completed  in  a 
certain  lime— that  is,  in  the  periodic  time  of  the  cycle; 
and  it  is  easy  lo  see  that  on  the  ratio  between  the  time- 
constant  and  this  time  must  depend  the  ni.ngnilude  of  the 
peculiar  effects  to  which  we  have  just  drawn  attention  in 
our  graphic  diagrams  (Figs.  216  and  217).  If,  for  instance, 
the  lime-constant  of  the  cir- 
cuit be  very  short  compared 
lo  the  periodic  time  of  a  com- 
plele  cycle  of  changes  in  the 
E.M.F-,  Ohm's  law  will  be 
very  nearly  true  at  each  in- 
stant, or  there  wiU  be  very 
little  lag  and  very  little  di- 
minution in  the  effective 
E.M.F. ;  m  other  words,  the 
changes  take  place  so  slowly 
relatively  to  the  time-constant 
that  inductance  has  very  little 
effect  on  the  result.     On  the 

other  hand,  if  the  time-constant  be  large  compared  with  the 
jieriodic  time,  then  both  the  lag  and  the  diminution  in  the 
effective  E.M.F'.  may  be  considerable.  'I'hus,  in  modern 
alternate-current  dynamos,  there  are  frequently  100  or  more 
complete  cycles  of  E-M-F".  per  second.  If  we  take  the  case 
of  100  complete  cycles  per  second,  the  periodic  time  is 
only  ii,)th  of  a  .second,  a  quantity  of  the  same  order  of 
magnitude  as  the  time-constant ;  thus  the  above  effects  may 
be  considerable. 

For  the  simple  case  that  we  have  already  considered, 

they  may  easily  be  calculated.     Let  L  and  R  be  resjK-ctively 

the  inductance  and  resistance  of  the  circuit,  t  (=  \),  the 

time-constant  of  the  circuit,  and  T  the  periodic  time  of 

cc  2 


Fig.  3i8. — Inductance.  Impedance, 
and  Lag, 
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ihe  impressed  E.M.K,  llial  is,  ilic  lime  measured  by  the 
line  ti  a,  in  Fig.  216,  Measure  a  line,  A  B  (V\^.  21 8),  to 
represent  Ron  some  convenient  scale;  draw  II  Cat  right 
angles  to  A  B,  and  equal  to  *^'  on  Ihe  same  scale.  Join 
.\  C,  then  the  angle,  B  .\  C,  is  the  ani;!/  of  lag.  llie  ratio  of 
which  to  360'^  will  lie  the  same  as  the  ratio  of"  the  lime  of 
/ii)l  (or,  more  shortly,  the  ti'me/a^)  to  the  full  periodic  lime. 
Thus  the 

Tx angle  B  AC 


Time-lag  =■ 


360° 


In  order  to  ejthibii  the  effect  on  the  E.M.F.,  we  shall 
denote  the  angle,  BAG,  by  the  Greek  letter,  X.  The  value 
of  the  i/n/>rcssaf  electromotive  force  (E)  at  any  time,  f,  may 
be  found  from  an  equation  of  the  form . 

E=E„Sine//, 

where  /  has  the  value  already  given  (see  fool-note),  and 
the  value  of  the  Sifi^  <  an  be  <.ibtaineil  frum  ordinary 
trigonometrical  tables. 

The  value  of  the  cj/u-fnv  IvM.F,  is  then  given  by  the 
e(|uation 

K=E„  Sin  (//-  X)  X  ^=E„  Sin  (/  /- X)  Cos  X, 


since 


CosX  =  ^g^ 


The  change  of  the  angle  from  /  /  to  (/  /    X),  expresses  the 
fact  tliat  there  is  a  /a^'  equal  to  X,  whilst  the  mulliijlication 

'  The  symbol  v  represents  the  tatlu  nf  the  ciicumrcrence  of  q  cIicI* 
toils  diameter,  and  is  equal  to  the  number  3*1416;  thu5air  U  very 

nearly  =  6|,  and  B  C  '=  6}  j_  (nearly).     If  n  be  the  number  of  periods 

or  ftUeninlionk  i>«  second,  (lien  «-=;=;  now  let  ^^  —  =  3  »«,  then 
BC=/t. 


Magnitude  of  an  Alternate.  Current.      437 

by  the  factor  J-^  (or  Cos  X),  which  is  necessarily  a  proper 
fraction,  expresses  ti)e  diminution  in  the  magnitude  of  the 
F.M.F. 

The  current  at  any  lime,  /,  can  now  be  found  by  using 
Ohm's  law  ;  it  is; — 


^_E     EpSin  (//-X)  Cos  A 


(I). 


There  is  also  another  way  in  which  the  current  may  be 
expressed,  for,  since  A  B  =  R,  we  may  write  the  first 
expression  given  above  for  E  thus  : — 


E  =  E„Sin  (//-X^x 


-A 

AC' 


and  then 


P_E_E.,  Sin  {p  l-\) 
R  AC 


U)- 


In  this  way  of  expressing  the  current  the  length  of  the 
line,  A  C,  becomes  of  such  importance  that  it  has  been 
given  a  special  name,  and  is  called  the  impfdancc  of  the 
circuit.  When  this  denominator  is  used,  the  numerator  has 
the  same  values  as  the  impressed  E.M.F.,  combined  with  a 
simple  lime-lag,  and  we  may  write  the  result  in  words 
thus  ; — 

Current  ^^^iif^l^ll'    .       .    (^). 
Impedance 

a  formula  which  is  sometimes  referred  to  as  "Ohm's  law 
for  Alternate  Currents."  In  using  it.  it  is  pointed  out  that 
the  change  in  the  law  involves  the  introduction  of  the  time- 
lag  into  the  numerator,  and  the  substitution  of  the  im- 
pedance of  the  circuit  for  the  resistance.  In  other  words, 
the  cutting  down  of  the  current  is  ascril>ed  to  an  increase 
in  the  effctiivc  resisunce,  or  to  a  kind  of  spurious  re- 
sistance, for  an  inspection  of   Fig.  2t8  will  show  that  the 
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impedance,  A  C,  is  always  greater  than  the  resistance,  A  B. 
The  excess  of  impedance  over  resistance  obviously  depends 
mainly  on  the  values  of  L  and  T,  for  any  increase  in  the 
value  of  L,  or  diminution  in  the  value  of  T,  increases  the 
length  of  B  C,  and  therefore  of  A  B. 

The  numerical  value  of  the  impedance  can  be  easily 
calculated  by  reference  to  Fig.  218.  According  to  the 
well-known  properly  of  a  right-angled  triangle,  the  sfjuare 
upon  the  slant  side  is  equal  to  the  sum  of  the  squares  upon 
the  sides  containing  the  right  angle.     Therefore 

AC==  A  B'+BC, 
=  R  +/'L. 

The  value  of  the  imf)edance  is,  therefore,  e(}ual  to  the 
sqiiixrt  root  of  the  right-hand  side  of  this  last  equation,  or,  in 
symbols — 

Impedance  =  \  R-  4-  p'  L'T 

But  this  way  of  regarding  the  facts  is  not  correct  from 
a  physical  point  of  view.  Ohm's  law  in  its  usual  form 
does  not  cease  to  be  true  for  alternate  currents.  The  new 
factors  called  into  play,  as  comjiared  with  the  case  of  a 
steady  current,  bring  additional  E.M.K.'s  into  the  circuit 
without  affecting  the  resistance,  and  the  formula  used 
should, 
what  is 
in  words— 

AB 


iturefore,   give   expression    to  this  fact, 
done  in  formula  (1)  above,  which  may  be 


Phis   is 
written 


Current  =  Lagged  E-M.F 


Resistance 


AC 


The  ^tntral  conclusions  aiTivcd  at  with  regard  to  the 
effects  of  self-induction  in  a  circuit  subject  to  an  iropre.titcd 
alternate  E.M.F.,  are  true,  whatever  be  the  character  of  the 
cycle  of  impressed  K.M.K.,  provided  only  that  it  be  truly 
f}- f lie ixnA ptt iodic.     But  the  «//'«i-'/«ii/ result* given  income 
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of  the  above  equations  are  only  true  for  the  particular 
impressed  E.M.F.  specified  by  the  simple  curve,  E  E'  E,  in 
Figs.  216  and  217.  When  the  impressed  E.M.P'.  is  of  a 
more  comi^licated  character  these  numerical  results  are  not 
true,  though  the  general  nature  of  the  effects  is  the  same. 
For  instance,  if  the  impressed  E.M.F.  is  represented  by  the 
curve  given  in  Fig.  219,  we  still  have  a  lagging  and  dimin- 
ished effective  E.M.F.;  but  it  is  not  possible  to  calculate 
the   amount  of  lag,  or   the   factor  which   determines   the 


Hff.  219.— Curve  of  Imprrsscil  E.M.K. 


diminution.     These  quantities,   if  ascertained  at  all,   must 
be  a.scertained  by  experiment. 

We  shall  now  describe  a  few  of  the  instruments  used  in 
alternate-current  working.  These  descriptions  will,  we 
hope,  bring  into  prominence,  and  serve  to  familiarise  our 
readers  with,  some  of  the  si)ccial  peculiarities  of  alternate 
electric  currents. 

Alternate  Current  Instruments. 

(A)  Current  Measurers. — The  perfect  instrument  for 

the  measuremcnl  of  alternate  currents  would  be  one  which 
would  (liilhfully  follow  every  tluctuation  of  the  current,  and 
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record  it  in  such  a  way  that  the  record  could  be  examined 
and  dealt  with  afterwards.  The  necessity  for  the  reoord 
arises  from  the  fact  that  in  all  applications  of  the  alternate 
current  the  frequency  (see  p.  428)  is  so  great  that  it  is  ira- 
possilile  for  the  eye  to  follow  the  changes,  even  if  an 
instrument  existed  that  would  perfectly  indicate  them. 
'l"he  high  frequency,  however,  has  hitherto  rendered  it 
impossible  to  design  an  instrument  having  the  above  pro- 
perties, and  we  have,  therefore,  to  fall  back  U[)on  instruments 
whose  indications  dejiend  in  some  way  upon  the  mean  value 
of  the  current,  and  to  trust  to  exi>eriment  or  theory  to  cr»- 
able  us  to  determine  from  these  indications  the  tnte  mean 
value  required. 

At  the  outset,  we  must  exclude  all  those  galvanometers 
whose  indicators  arc  deflected  in  opposite  directioas  for 
Opposite  directions  of  the  current.  If  such  an  instrument 
Were  placed  in  an  alternate-current  circuit,  its  indicator 
would  jirobalily  remain  at  rest,  for  all  values  of  the  currcrrt. 
For  the  period  of  the  free  swing  of  the  movable  system 
would  most  likely  be  many  times  that  of  the  periodic  lime 
of  the  current,  and,  therefore,  before  the  system  had  lime  to 
obey  an  impulse  in  one  direction  it  would  receive  an  im- 
pulse in  the  opposite  direction,  and  so  on  continually.  The 
total  effect  would  thus  be  nil. 

Wc  must,  therefore,  fall  back  u{X)n  those  galvanometers 
whose  movable  system  is  always  deflected  in  the  same 
direction,  whatever  be  the  direction  of  the  current  passing 
through  them.  They  may  be  divided  into  two  classc*.  In 
the  first  class  may  be  placed  those  instruments  whose  indi- 
cations are  strictly  proportkuiii'  to  the  f</iiitre  of  Ikt  eurreat. 
We  have  already  pointed  out  that  the  square  of  a  quantity 
is  always  pcisilive,  whether  that  quantity  be  positive  or  nega- 
tive. If,  therefore,  ihe  direction  of  the  dellection  depcmU 
on  the  square  of  the  current  that  dellection  will  always  be 
in  one  direction,  however  fre<iucntly  the  cumrnt  it-  -    'r 
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reversed.  Such  an  instrument  is  the  Siemens'  Electro- 
Dynamometer,  already  described  on  page  365.  If  one  of 
these  be  placed  in  an  alternate-current  circuit  it  will  give  a 
steady  reading  as  long  as  the  mean  value  of  the  current 
continues  the  same. 

The  second  class  of  available  instruments  contains  those 
in  which  the  movable  part  affected  by  the  current  consists 
of  soft  iron,  which  is  therefore  m.ignetised  by  the  current 
iLself.  As  the  magnetisation  of  this  soft  iron  is  reversed 
when  the  current  is  reversed,  the  direction  of  the  deflection 
will  remain  the  same.  The  instruments  alre.idy  described 
belonging  to  this  class  are  Ayrton  and  Perry's  Magnifying 
Spring  .\mn)eter  (Fig.  192)  and  Nalder's  Gravity  Ammeter 
(Fig.  194). 

The  further  question  of  the  interpretations  of  the  iiidi- 

I  cations  of  the  instruments  of  both  classes  is  not  a  simple 
one.  The  calibration,  or  determination  of  the  currents 
corresponding  to  the  various  readings,  is  usually  cfTectcd  by 
means  of  continuous  and  steady  currents.  How  the  values 
of  the  readings  are  affected  by  alternate  currents  depends 
both  on  the  class  of  instrument  and  the  character  of  the 
alternate  current.  In  instruments  of  the  first  class,  where 
the  readings  depend  upon  the  square  of  the  current,  it  is 
easy  to  see  that  the  reading  for  an  alternate  current  of  a 
given  mean  value  will  be  f^reafer  than  the  reading  corre- 
sponding to  a  continuous  current  of  the  same  value  ;  for 
the  average  value  or  arithmetical  mean  of  the  squares  of  a 
.scries  of  numbers  which  follow  any  regular  law  is  necessarily 
greater  than  the  stjuare  of  the  average  value  of  the  numbers. 
Take,  for  instance,  the  simi)le  numbers 
I,  2,  .?.  4,  5,  6.  7. 
whose  average,  or  mean  value,  is  4,  the  square  of  which  is 
16.     The  squares  of  these  numbers  arc 

I,  4,  9.   16,  25.  36.  49. 

land  the  average  value  of  these  squares  is   20,  which   is 
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greater  than  1 6,  The  reason  is  not  far  to  seek :  it  is  that 
the  larger  numi)ers,  when  squared,  become  relatively  more 
important  than  tiie  smaller  numbers. 

Now,  the  values  of  the  forces  which  determine  the  read- 
ings of  the  instruments  under  consideration  depend  on  the 
x<|uarcs  of  the  currents,  and  the  average  force  which  deter- 
mines the  actual  reading  for  an  alternate  current  depends, 
therefore,  on  the  average  value  of  the  squares  of  the  cur- 
rents. Thus,  this  average  force  is  greater  for  a  given  mean 
value  of  liic  alternate  current  than  it  is  for  corresponding 
continuous  current. 

Mow,  then,  arc  we  to  determine  the  true  mean  value  of 
the  alternate  current  from  the  readings  of  the  instrument  ? 
'I'hc  answer  depends  \3\\on  the  [articul.ir  law  which  ex- 
l)res«es  Ihc  fluctu.ttions  of  the  current-  If  that  law  be  the 
Kim|)li'  one  gr.ipliic.illy  rejiresenti'd  by  the  curve  C  C'C,  in 
Kij;.  216,  theory  shows  that  we  must  reduce  the  readings 
for  continuous  currents  by  10  per  cent.  In  other  words, 
the  calibrations  for  continuous  currents  must  be  multiplied 
by  oy,  in  order  to  give  the  corresponding  calibration  for 
alternate  tiirrcnls  following  the  above  law.  If  the  liw  be 
more  complicated  a  different  multiplier  should  be  used  ;  but 
in  most  actual  cases  the  above  multiplier  is  sufliciently 
accurate. 

Insuumcnts  of  the  second  class  are  not  so  easily  dealt 
with.  Iti  the  higher  parts  of  the  scale  it  is  i»robable 
that  the  above  multiplier  may  be  used,  and  will  give  fairly 
accur.ite  results ;  but  in  the  lower  pari  of  the  scale,  where 
the  period  during  which  the  magnetisation  of  the  soft  iron 
is  Ijcing  reversed  assumes  a  relatively  greater  im|K>rtance, 
the  correcting  factor  will  probably  be  differenl.  Such  in- 
».truments  should,  therefore,  only  be  used  for  the  higher 
parts  of  the  scale. 

Before  leaving  this  part  of  the  subject  wc  may  refer  to 
one  mtcrciling  strmTlnral  detail,  which  must  be  attended  to 
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if  any  of  these  continuous-current  instruments  are  to  be 
used  for  alternate-current  work.  It  is,  that  all  large  con- 
ducting masses  of  metal  in  the  base  and  supporting  walls 
of  the  instrument  should  be  replaced  by  non-conducting 
material.  Such  masses  of  metal  are  unobjectionable  in  a 
continuous-current  instrument,  but  if  present  in  an  alternate- 
current  one,  may  have  currents  induced  in  them  by  the  fluctu- 
ations of  the  current  to  be  measured,  and  (htsc  indiutJ  cur- 
rents will  lead  to  a  waste  of  energy,  which  will  show  itself  in 
the  objectionalile  form  of  heat  sufficient  to  make  the  instru- 
ment dangerously  hot.  Moreover,  these  induced  currents 
will  react  on  the  current  to  be  measured,  and  may  lead 
to  a  serious  error  in  the  measurement. 

(B)  Pressure  Measurers. — In  considering  the  ques- 
tion of  the  measurement  of  alternate  airren/s,  it  will  be 
noticed  that  the  in.strumenis  referred  to  were  of  the  same 
type  and  design  as  some  of  those  already  described  for  con- 
tinuous-current work.  The  only  difficulty  in  using  these  in- 
struments is,  as  we  have  seen,  that  of  correctly  interpreting 
the  readings  ;  but  this  difficulty  is  not  an  insuperable  one. 
When,  however,  we  turn  to  the  measurement  of  f>ressure, 
new  complications  present  themselves.  In  one  sense,  all 
galvanometer  voltmeters  are  available  which  have  the  char- 
acteristics mentioned  on  page  440  as  necessary  in  alternate- 
current  anmieters.  That  is,  such  instruments,  when  placed 
on  an  alternate-i  urtent  circuit,  would  give  readable  deflec- 
tions ;  but  the  interpretation  of  the  meaning  of  these 
deflections  is  much  more  difficult  than  in  the  case  of  the 
amperemeters. 

The  difficulty  arises  from  the  way  in  which  the  instru- 
ment is  used.  It  will  be  remembered  that  in  using  high- 
resistance  galvanometers  as  pressure  measurers  the  galvano- 
meter is  placed  (page  385)  in  a  branch  circuit  between  the 
pomts  whose  1'. I),  has  tu  be  measured.  The  current 
passint!  along  the  side  branch,  multiplied  by  the  resistance 
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of  lli.il  branch,  then  gives  the  required  F.  D.  Such,  however, 
is  nut  ihe  case  with  ahcrnale  currents.  On  reaching  one  of 
the  points  from  which  the  branch  circuit  is  taken  off,  the 
current  divides  between  the  two  paths,  not  in  the  inverse 
proportion  of  their  rtsiilmiccs,  but  in  the  inverse  proportion 
ijf  their  impfdames.  Or,  to  [)Ut  it  more  accurately,  the 
(fftitivt  pressure  in  one  path  is  not  the  same  as  the  eflTectivc 
pri.-ssure  in  the  other  path,  because  of  the  difference  in  the 
value  in  the  two  paths  of  the  <|U3ntity  symbolised  by  Cos  X 
at  page  436.  Thus,  to  properly  interpret  the  deflections  of 
the  voltmeter,  the  impedances  (or  the  values  of  (^os  X\  of 
both  paths  should  be  known.  This  involves  a  knowledge 
of  the  inductances  and  resistances,  as  well  as  the  frequency 
of  the  alternations  ;  and  an  alteration  in  any  of  these  will 
alter  the  meaning  of  the  voltmeter  deflection.  In  practice 
it  is  impossible  to  know  all  these  quantities  with  accuracy, 
and  therefore  the  employment  of  a  galvanometer  as  a  volt- 
meter on  an  alternate-current  circuit  can  only  be  regarded 
aH  a  tnakeshifl  in  the  absence  of  a  more  suitable  instrument. 
The  solution  of  the  problem  of  measuring  accurately 
the  pressures  in  an  alternate-current  circuit,  is  made  possible 
by  the  existence  of  the  thermal  and  the  electrostatic  instru- 
ments to  which  we  have  referred  at  pages  390  and  394.  The 
latter  instruments  have  no  self-induction,  and  very  little 
electrostatic  ca|iacity,  and  therefore  their  time-constant  is 
inappreciable.  At  first  sight  it  is  not  easy  to  see  how  they 
can  be  adajited  for  measuring  alternate  I'.D.s,  for  their  de- 
flections depend  on  the  IM).  applied  to  their  terminals,  and 
arc  Iherolore  reversed  when  the  IM).  is  reversed.  But  in 
the  instrument  described  on  jwge  398,  it  will  be  reraem- 
bcred  that  the  needle,  N  (l-ig.  307),  is  electrified  by  being  ton* 
nected  tu  the  inside  of  a  Leydcn  j.u,  |  (Fig. 206),  and  it  is 
this  electrified  nee<Ile  which  is  repelled  by  one  |uir  of 
quadrants  and  attracted  by  the  other  pair.  If  the  electrifi> 
cadcms  of  the  <|uadrant6  arc  reversed,  so  arc  the  attractions 
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ajid  repulsions,  provided  the  cleclrification  of  the  needle  is 
unchanged.  But  if,  at  the  moment  of  reversal  of  the 
electrifications  of  the  quadrants,  the  eUclrification  of  the 
needle  is  ix/so  reversed,  then  the  deflectiiiii  will  still  he  in  the 
same  direction  as  hefore.  To  accomplish  this  the  inside  of 
the  Ix'yden  jar,  J,  is  connected  to  the  case  of  the  instrument 
and  to  the  terminal  of  one  pair  of  quadrants,  and  thus  the 
needle  is  made  to  have  the  same  potential  as  one  pair  of 
quadrants.  Its  electrification  will  therefore  change  with 
that  of  the  quadrants  to  which  it  is  connected,  and  thus  the 
delleftion  will  always  be  in  the  same  direction.  This 
manner  of  using  the  instrument  has  been  called  by  Lord 
Kelvin  idiostatii,  because  all  the  electrifications  are  pro- 
duced by  the  IM).  to  be  measured.  The  other  method,  in 
which  the  electrification  of  the  needle  is  produced  by  inde- 
pendent means,  he  calls  hettrostatie. 

Unfortunately,  when  used  in  this  way  the  ordinary 
quadrant  electrometer  is  very  unsensitive — that  is,  it  requires 
a  large  IM).  to  produce  a  readable  deflection.  But  the 
advantages  of  the  method  are  so  great  that  the  problem  of 
increasing  the  sensitiveness  of  the  instrument  is  being 
vigorously  attacked  at  the  present  time,  and  several  much 
more  sensitive  instruments  have  already  been  produced. 

The  only  one  to  which  we  can  refer  is  Lord  Kelvin's 
Miillicelliilnr  Electrostatic  Voltmeter,  shown  in  section  in  Fig. 
220,  and  in  plan  in  Fig.  23i.  The  changes  from  the  quadrant 
form  of  electrometer  already  referred  to  are  consi<ierable. 
In  the  first  place,  one  pair  of  quadrants  has  been  abolished, 
the  other  pair,  retained,  being  represented  by  C  C  in 
Fig.  221,  where  it  will  be  seen  that  their  shape  has  been 
changed  from  circular  to  stjuare.  In  more  recent  forms  of 
the  instrument  they  have  been  further  changed  to  a  triangu- 
lar shape.  It  will  be  remembered  that  in  the  quadrant 
electrometer  each  "quadrant"  consisted  of  two  horizontal 
phtcs,  joined  by  a  vertical  strip  along  the  circular  rim.     In 
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the  "multicellular"  each  side,  C  (Fig.  tz\\  consists  of  no 
less  than  eleven  horizontal  plates  (A/,  Fig-  220),  built  up 
one  over  the  other,  so  as  to  form  a  coraj>ound  conductor  of 
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ten  "cells,"  the  plates  on  both  sides  l)cing  all  electrically 
connected  together,  but  insiiLited  from  the  rest  of  the 
in!>trumcni.  It  is  as,  if  we  had  a  whole  series  of  the  qtiod- 
rants  of  the  older  instrument  piled  on  top  of  one  another. 
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This  change  in  the  fixed  conductors  is  accompanied  by 
a  corresponding  change  in  the  moval)le  conductor,  which, 
instead  of  being  made  now  of  a  single  vane  or  needle,  is 
built  up  of  ten  such  vanes,  \,  attached  to  a  vertical  spindle 
in  such  a  position  as  to  be  free  to  move  between  the 
horizontal  fixed  ]ilates.    Thus,  when  the  vanes  and  fixed 
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plates  are  brought  to  different  potentials,  each  vane  is  acted 
u)X)n  by  turning  forces  due  to  the  plates  on  either  side  of 
it,  and,  as  all  the  vanes  are  on  one  spindle,  the  total  de- 
flecting force  is  thus  made  much  greater  than  it  would  be 
in  a  quadrant  electrometer  for  the  same  potential-difference. 
The  top  end  of  the  spindle  carrying  the  vanes  is  sus- 
pended by  a  long  and  fine  iridio-platinum  («>)  wire  to  a 
torsion  head  fixed  at  the  top  of  the  tube  T,  and  thus  the 
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controlling  force  brought  into  play  is  llial  ol'  unifilar 
siis/XHsion,  which  lias  been  already  referred  to  at  page  401. 
Between  the  lower  end  of  the  wire  and  the  spindle  there  is 
interposed  a  fine  coachsprinj^,  whirh  prevents  a  sudden 
jt)it  given  to  the  inslniment  from  bringing  such  a  strain 
upon  the  fine  wire  as  would  probably  break  it.  The  torhion 
head  and  suspending  wire,  and  therefore  the  vanes,  are  not 
insulated  from  the  body  of  the  instrument,  A  long  alu- 
minium pointer,  1,  is  attached  to  the  spindle,  and  by  its 
position  indicates  upon  a  scale  the  difference  of  potential 
between  the  fixed  and  the  movable  conductors.  Two 
vertical  plates,  gg,  arc  attached  to  the  base  of  the  instru- 
ment, to  limit  the  motion  of  the  vanes,  V,  which,  when  the 
pointer  is  brought  to  zero  by  the  torsion  of  the  wire,  are 
nearly  outside  the  cells  of  the  fixed  conductor  and  close  to 
these  plates.  ]5y  their  repelling  .iction  these  vertical  plates, 
therefore,  produce  an  initial  turning  force  on  the  vanes. 
The  lower  end  of  the  spindle  passes  through  a  guiding 
hole  in  a  plate,  G,  attached  to  these  gu.ird  plates.  The 
instrument,  when  used,  has  to  be  carefully  levelled  by 
means  of  the  three  levelling  screens  upon  which  it  stands, 
and  to  assist  in  this  operation  a  small  circular  level  is 
penn.mcntly  fixed  inside  the  shallow  box  at  the  tup,  within 
which  the  pointer,  1,  moves. 

Since,  whichever  of  ihe  two  sets  of  condm-tors  is  at  the 
higher  potential,  the  vanes,  V,  tend  to  move  so  as  to  pass 
within  the  conductors,  C,  the  deflection  of  the  indicator  is 
always  in  the  same  direriion,  and  thus  the  instrument  is 
available  for  measuring  alternating,  as  well  as  steady  jiotcn- 
tial  differences ;  and,  lor  the  reasons  already  given,  is  beu«r 
for  the  former  purpose  than  any  galvanometer  form  of 
voltmeter. 

I'he  other  type  of  instruments  that  are  available  for  the 
measurement  of  the  pressures  in  an  altrrnaie-currcnt  dtcoit 
are  the  Ihtrmat  XHtllmtttn  of  Cardew  (jiogc  393)  and  others 
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'I'hesc  instriimeiils,  whicli  depend  on  ihe  heating  effect  of 
a  current,  are  unafTcctcd  h)  a  change  in  the  direction  rif  the 
current.  Also,  they  have,  as  a  rule,  a  very  small  inductance 
an<l  a  larj^e  resistance,  so  that  their  time-oonsianl  is  ahnost 
negligible  and  their  impedance  is  |irarti('ally  equal  to  tlieir 
resistance.  The  chief  ohjections  to  the  use  of  galvano- 
meters as  voltmeters  do  not,  therefore,  apjjly  to  the  thermal 
or  /wt  wire  voltmeters.  These  can,  therefore,  be  plarcd  on 
an  alternate-current  circuit  for  the  purpose  of  measuring 
the  mean  value  of  the  I'.  D.  between  any  two  [wint.s.  As 
regards  the  interpretation  of  the  meaning  of  the  delleclions, 
the  s;inie  remarks  apply  as  were  made  (pages  441  and  442)  on 
the  interpretation  of  the  readings  of  ammeters.  That  is, 
if  the  instrmnent  has  heen  calibrated  by  using  steady  RD.s, 
the  readings  must,  in  most  practical  cases,  be  multiplied 
by  o'y,  to  give  the  me.in  value  of  ll)e  I'.D.  that  is  being 
measured. 

Pending  the  production  of  a  suftkiently  sensitive  and 
practical  electrostatic  voltmeter,  hot-wire  voltmeters  are  now 
being  largely  used  in  alternate-current  work. 

(C)  Power  Measurers  or  Wattmeters.— When  we 

pass  to  the  measurement  of  the  ])uwer  consumed  in  an 
alternate-current  circuit,  we  find  the  same  difficulty  con- 
fronting us  in  the  use  of  electromagnetic  instruments  that 
occurs  when  a  high-resistance  galvanometer  is  employed 
to  measure  the  IM").  of  the  circuit.  For  a  reference  to  the 
preceding  chapter  will  shriw  that  all  such  electr<miagnetic 
instruments  for  continuous  currents  consist  essentially  of 
two  parts  combined  :  namely,  an  ammeter  and  a  voltmeter 
part.  It  is  in  the  latter,  because  of  its  high  inductance, 
that  the  diffiiiilty  occurs. 

In  some  of  the  instruments  at  present  in  use  an  attempt 

is  made  10  reduce  the  disturbing  factor  to  a  minimum  by 

using  only  a  small  part  of  the  high-resistance  circuit  for  the 

purpose    of   )>rodut:ing    the    magnetic   effect   leijuired,   and 
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making  ihc  rest  of  the  cinniil  to  coiuiist  of  a  tcsiblancv 
with  no,  or  inapprtriahU,  inductance.  For  the  disturbing 
effect  of  inductance  in  any  circuit  depends  upon  the  ratio  of 
the  inductance  to  the  resistance,  f)r.  in  other  words,  on  the 
time-constant  of  the  circuit.  'I'hiis,  in  the  diagram  of  I'ig. 
ait,  if  the  resistance,  R,  be  large  comiwrcd  to  the 
resistance  of  the  coil,  V,  and  K  be  so  wound  as  to  have 
no  inductance,  then  the  total  imhiciancc  of  the  voltmeter 
circuit  will  Ik;  small  :is  compared  with  its  resistance,  and, 
therefore,  its  time-constant  will  also  Ix:  small.  In  this  way 
an  attempt  is  made  to  cause  the  disturbing  effect  of  the 
inductance  of  the  voltmeter  circuit  to  be  so  small  as  to 
lie  praclicilly  negligible.  The  rc-sult  can  only  be  accom- 
plished by  making  the  voltmeter  part  of  the  instrument 
very  sensitive,  for  the  magnetic  effect  produced  by  the  coil. 
V  (Fig.  21 1),  depends  U|)on  its  inductance. 

A  lypicil  instrument  of  this  cl.iss  is  Sivinburm's  Ntm- 
Jniluctivc  Wattmeter,  the  external  npf>earancc  of  which  is 
illustrated  in  Kig.  222,  whilst  the  working  parts,  with  one 
of  the  .'luimtlcr  coils  removed,  are  shown  nn  a  larger  wale 
in  Fig.  223.  The  principle  used  is  the  same  .IS  that  employed 
in  the  electro-dynamometer,  and  dcjicnds  upon  the  tuutual 
action  between  the  currents  in  fixed  and  movable  coils,  the 
magnetic  fields  jinnluced  by  which  arc  at  right  angles  to 
one  another.  In  this  case  the  fixed  coils  carry  the  total 
current  of  the  circuit  whose  power  has  to  be  measured. 
One  of  them  is  shown  in  position  in  Fig.  223 ;  they  arc 
supported  by  guiiineUil  rolumn"^  from  the  four  little  parallel 
and  hori/ontal  pillars  on  which  they  slide,  and  are  clatnpcd. 
The  suspended  or  voltmeter  coil,  which  is  quite  small, 
consists  of  fine  wire  wound  upon  a  mica  cylinder  mounted 
on  an  ivory  spindle-     This  spindle  parses  thri  ''3 

above  .ind  below  the  coil,  and  is  suspended  b<  ■  _  ivo 
fine  phosphor-bronze  wires  lop  and  boliom.  The  wires  aie 
stretdied  taut,  and  the  iii>|3er  one  is  ntlached  to  a  lorston 
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head  carrying  an  index,  which  moves  over  a  graduated 
scale.  As  in  all  such  instruments,  the  readings  have  tn  lie 
taken  when  the  nioval)le  coil  is  in  a  zero  position.  This 
|X)silion  is  indicated  l>y  a  (lointer  nu>vin;;  fiver  the  bevelled 
block  at  llie  lioltom  :  die  block  is  illuminated  by  the  lower 
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window,  but  the  position  of  the  pointer  is  observed  through 
a  hole  in  the  upper  dial.  The  angle  through  which  the 
torsion  head  lias  to  be  turned  to  bring  the  pointer  to  j^ero 
is  proportional  to  the  watts  that  are  being  measured. 

As  already  expl.iinefl.  a  resistance,  R  (I'ig.  211),  is  put 
in  series  with  the  movable  loil.  For  low  pressures  this 
resistance  is  carried  in  the  b.tse,  but  for  high  pressures,  such 
as  j.ooo  volts,  R  has  to  luve  a  value  of  about  So, 000  ohms, 
and  the  coils  are  placed  in  a  sepa'-nie  box.  With  these 
u  !i  2 
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rcsislaiKcs  it  is  claimed  tliat  the  time-constant  of  the  volt- 
meter circuit  is  practically  negli{;ible. 

In  F'ig.  224  there  is  depicted  dia;;rammatically  an  in- 
genious method  of  measuring  the  i>ower  of  an  alternate- 
current  circuit  without  cnifjloying  any  voltmeter  coils  at  ail, 
and  therefore  avoiding  the  difficulties  due  to  their  in- 
ductance. It  depends  upon  the  simultaneous  observations 
of  three  electro-dynamometers  used  as  ammeters,  and  is 
a   modification  by  Dr.   Kieming  of  a  similar  method  due 

to  Professor  Ayrton  and  I)r. 
Sumpncr,  in  which  three  volt- 
meters were  employed.  The 
circuit  in  which  the  power  has 
to  I)e  measured  is  represente<l 
|jy  a  /',  and  a,,  oj  and  a,  are  the 
ammeters.  Of  these  «,  has 
[lassing  through  it  the  currents 
in  the  circuit  it  b ;  a.^  is  traversed 
by  the  currents  in  a  shunt  cir- 
cuit, cd,  made  up  of  a  non-in- 
Fig.  j^.-MMsureraenigfAUerMie-    ductivc  resistance,  r,  of  known 

Current  Power.  ,         ■  .  ,  , 

value  m  series  with  oj ;  and  a, 
takes  the  whole  of  the  currents  passing  through  lioth  cir- 
cuits. In  these  circumstances  it  can  be  shown  mathe- 
matically that  the  watts,  VV,  used  in  the  ciraiit,  n  fi,  are 
given  by  the  formula 

\v  =  :(a;-ai-a;), 

2 

where  A,,  Aj,  and  A.,  are  the  readings  expressed  in  am|)ercs 
of  the  three  instruments,  and  r  is  the  value  of  the  non- 
inductive  resistance.  Unfortunately,  to  obtain  good  resntls 
the  current  in  rd  has  to  be  comparable  with  that  in  a  h,  and 
thus  the  method  leads  to  an  appreciable  loss  of  energy. 

Other  methods  have  been  devised  for  nven-oming  the 
ditViriiltics  nf  measuring  power  used  with  alternate  currents. 
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but  a  description  of  them  would  lead  us  far  beyond  the  plan 
of  this  work. 

(D)  Public  Supply  Instruments,— Considering  the 
importance  and  extent  ol  the  various  alternate  -  current 
supply  stations  that  are  now  delivering  energy  by  means 
of  such  currents  to  ihe  general  public,  doubtless  more 
interest  attaches  to  (he  instruments  used  to  measure  the 
energy  so  supplied,  than  to  the  alternate-current  instruments 
already  described.  And  this  interest  is  fully  justified  on 
purely  scientific  grounds,  for  several  of  the  instrunients  that 
have  been  designe<l  for  this  purpose  e.\hibil  beautiful 
applications  of  some  of  the  less  generally  understood 
electrical  laws  to  practical  purposes  of  measurement,  and 
by  studying  the  details  of  their  construction  a  fresh  and 
channed  insight  is  gained  into  the  nature  of  the  laws 
themselves.  We  therefore  need  not  apologise  for  devoting 
a  short  space  to  the  description  of  one  or  two  such  instru- 
ments, widely  differing  in  their  details  and  method  oi 
working. 

The  great  difficulty  in  designing  a  satisfactory  alternate- 
current  energy  meter  is  that  already  alluded  to  in  sjieaking 
of  the  corresponding  wattmeters — namely,  the  inductance  of 
the  pressure  part  of  the  instrument,  where  that  part  acts 
electro-magnetically.  For  it  will  be  remembered  that  an 
"  Energy- Meter  "  is  simply  an  integrating  wattmeter.  On 
account  of  this  difficulty  some  of  the  meters  used  are 
simply  (I'lilomhmettrs,  and  the  consumer  has  to  trust  to  the 
supply  company  to  keep  the  pressure  constant,  and  so 
ensure  a  fair  calculation  of  the  total  energy  supplied. 

The  lilihu-Thomson  meter,  already  described  when 
dealing  with  continuous -current  meters,  is  one  which  is 
capable  of  measuring  alternate  current  as  well  as  continuous- 
current  energy.  This  is  because  the  pressure  or  voltmeter 
circuit  through  the  armature  has  its  impedance  very  nearly 
et^ual   to  its  resistance,  a  result  partly  due  to  the  absence 


454 


The  Electric  Ci'rrei/t. 


of  iron,  and  jwrtly  to  ilic  msenion  of  a  large  non-imlactirc 
resistance  in  serits  witli  the  inductive  resistance  of  the 
.irniatiire  iisclf.  'I'hc  calibration  of  the  inslnimfnt  is,  there- 
fore, very  little  aflected  by  a  chanye  in  the  frtcjucniy  of  the 
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currents,  thoiig)i  i(  will  be  renumbered'  that  the  fiequcncy 
alfccls  the  iin|iOdancc 

The  next  meter  to  which  we  »hdll  rvfcr  can  only  lie  used 
with  alternate  currents,  as  it*  working  '  '  ii)««n  thoK 
pro[)t.rties  of  such  current*  which  li.  ,   ihcin  fniro 

Liintinuaus  cuirenL>>.     It  is  in  fiici,  a  hniail  aliem<ilccunvnl 

'  Sc«  pane  4j^. 
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niolor,  with  its  sjiccd  suitably  controlled,  ;iiid  so  far  re- 
sembles ihc  Elihu-Thomson  nit'ler,  from  which,  however, 
it  completely  diflfcrs  in  all  the  essential  details  of  its  con- 
struction and  mode  of  action.  The  meter  is  known  as  the 
"  Shallenberger  Meter,"  having  been  designed  by  Mr.  O. 
B.  Shajlcnberger,  the  electrician  to  the  Westinghouse 
Company  of  Pittsburg,  Pennsylvania.  We  ^hall  first  de- 
scribe its  construction,  and  then  explain  its  mode  of  action 
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somewhat  minutely,  as  the  cxjilanatioii  will  be  ol  assistance 
to  us  later  on,  in  considering  alternate  ciirrenl  motors. 

The  internal  appearance  of  the  meter,  with  the  jnolecting 
case  removed,  is  shown  in  Fig.  225.  At  the  top  is  an 
ordinary  set  of  counting  dials,  which  register  by  means  of  a 
worm,  gearing  into  the  first  wheel  of  a  train,  the  total  nunv 
bei  of  revolutions  of  a  vtrtital  s|)in(ile  set  in  motion  by  the 
action  of  the  current  that  has  to  be  integrated.  Beside  this 
worm,   the  spindle,   which   is  very   carefully  mounted   on 
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liardcned  and  polished  pivots,  carries  only  the  four  light 
aluminum  vanes  seen  at  the  lower  fwrl  of  the  figure,  and  the 
ligiu  wrouglit-iron  disc,  </,  showt>  more  clearly  in  I'ig.  J26, 
which  represents  the  electrical  parts  of  the  instrument.  These 
last  Consist  of  the  two  thick  wire  coils,  rr,  which  carry  the 
total  current  passing  to  the  consumer.  Inside  these  coils 
are  the  coils,  />  />,  of  :ii)i)roxiniatcly  rectangular  shape,  and 
closely  encircling  the  disc  without  touihing  it  I'he  coils, 
l>  h,  consist  of  siinjile  flat  copper  strips  forming  closed 
ciriuits,  and  placed  side  liy  side  ;  they  are  usually  set  with 
their  axis  at  al)Out  45  to  the  axis  of  the  coils,  (V,  but  this 
an)j;!c  is  capable  of  adjustment,  and  the  instrument  is 
talihraled  by  altering  it  until  a  known  current  gives  the 
rc'(|uired  number  of  revolutions  per  niinute. 

'l"o  understand  why  the  disc,  a,  rotates  when  an  alter- 
nate-current is  jxissed  through  the  coils,  cc,  we  must  care- 
fully consider  the  consequences  of  the  laws  of  clectro- 
inagnetic-  action  and  induction  already  explained.  In  the 
first  place,  a  great  number  of  the  lines  of  force  due  to  any 
current  in  the  coil,  cc,  will  pass  through  the  coil,  hd.  As 
the  currents,  cf,  are  rapidly  reversed,  the  number  of  lines  of 
force  due  to  them  wliich  pass  through  bb  will  be  continually 
t  hanging,  and  therefore,  since  the  coils, /^/',  forn)cd  closed 
circuits,  there  will  be  currents  induced  in  them  of  the  same 
frequency  as  the  currents  in  the  coils,  rr.  But  the  E.M.F.'s 
induced  in  /> /\  depend  on  the  ntle  oi  change  of  the  cur 
rents  in  <  c,  and  as  this  rate  of  change  is  greatest  when  the 
currents  are  xcro,  and  is  nought  when  the  airrents  liav« 
their  maximum  i>osilive  and  negative  value*,  it  is  obvious 
thai  (lie  induced  K.M.I'.'s  lag  a  ([uarterof  a  period  in  phase 
behind  the  currents  in  i(.  t\i  bb  is  not  without  in- 
durtance,  tlie  current*  therein  lag  n  little  behind  the 
iin|ircRsed  K.  M.K'*,  and  therefore  are  rather  more  than  a 
quarter  of  a  iicriod  behind  the  nni 

Next    consider  the    rcsulianl  TkIcI.  .h,  t.  r.tf- 
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sented  by  the  poles  which  tliese  joint  currents  set  up  in  the 
disc,  ix.  As  it  will  not  affect  the  general  result,  we  shall,  for 
sini])licity,  suppose  the  currents  in  hb  to  be  exactly  a 
quarter-period  behind  those  in  cc.  'I'he  current  in  re,  if 
acting  alone,  would  produce  poles  in  the  disc  at  1*  and  P', 
increasing,  diminishing,  and  changing  sign  exactly  in  time 
with  the  changes  in  the  current.  Similarly  the  currents  in 
l>  fi  alone  would  produce  similarly  changing  [loles  at  p  and  /'. 
The  joint  effect  is  easily  seen,  if  we  remember  that  when  cc 
produces  its  maximum  poles  at  P  and  P'  there  is  no  cur- 
rent in  /'  /',  and  therefore  no  poles  at  /  and  p',  and  I'ict 
Vfrsii.  Thus  at  one  instant  there  is  an  effective  north- 
seeking  pole  at  P ;  a  (juartcr  ol  a  period  later  there  is  an 
effective  north-seeking  pole  at  /  ;  a  quarter  of  a  period 
later  this  pole  has  moved  round  to  P' ;  and  a  (|uartcr  of  a 
period  still  later  is  at  /'  .■  and  so  on.  At  mtcrmediate 
instants  the  effective  north-seeking  pole  is  in  intermediate 
positions.  'l"hc  general  effect,  then,  is  that  we  have  a  rotat- 
in/r  niiii^nelic  ftc/J,  which,  if  the  disc  were  held  fast,  would 
produce  poles  in  it  rotating  in  the  direction  of  the  arrow. 

To  understand  how  this  rotating  field  causes  the  disc  to 
rotate,  we  must  remember  that  the  disc  is  a  conducting 
mass  forming  innumerable  possible  closed  circuits  in  all 
directions,  through  which  the  lines  of  force  of  the  rotating 
field  must  successively  pass.  In  these  circuits,  therefore, 
E.M.F.s  will  be  set  U|),  producing  swirls  of  current,  which 
lag  a  little  bit  in  phase  behind  them.  On  this  slight  lag 
depcmls  the  whole  action,  for  the  effective  field  getb  a  lilile 
in  front,  in  a  position  to  attract  the  circuit  carrying  the 
current  which  it  has  just  set  up,  and  thus  the  disc  follows 
the  filiating  field  round. 

We  h.ive  already,  in  connection  with  the  Rlihu  Thomson 
meter,  dwelt  fully  u|K>n  tiie  necessity,  in  a  motor  meter,  for 
balancing  the  turning  torque  due  to  the  electro-magnetic 
actions,  by  an   equal  frictional  torque,   so  that  the  speed 
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may  he  perfectly  steady  for  a  given  current.  In  the 
ShalIenl)LTgfr  meter,  the  turning  torijue  is  [iroixirtional  lo 
the  square  of  llie  current,  and  as  the  speed  of  rotation  must 
vary  directly  as  the  current,  the  friction  break  must  set  up  a 
retarding  force  proportional  to  the  8i|uarc  of  the  speed. 
The  meter,  as  shown  in  Fig.  225,  is  covered  i)y  a  close- 
fitting  case,  and  tiie  aluminium  vanes,  fixed  on  the  lower 
part  of  the  spindle,  churn  the  air  in  the  lower  part  of  this 
case,  thus  setting  up  the  required  retarding  force. 

Polyphase  Alternate  Currents. 

One  of  the  greatest  disadvantages  of  the  ordinary,  or,  as 
it  UJay  be  called,  the  single phast,  alternate  current  is  lh.-il,  up 
to  the  present,  it  has  not  been  found  possible  to  re-convert 
its  energy  back  again  into  mechanical  energy  in  nn  efficient 
and  satisfactory  manner.  Wherever  power  is  to  be  used  for 
either  lighting  or  heating  pur])0ses,  ordinary  alternate  cur- 
rents are  of  great  service  in  transmitiing  it  economically 
over  long  distances,  but  when  the  power  is  required  at  the 
distant  end  in  the  form  of  ordinary  n>cchani<;;d  power  for 
driving  machinery,  these  currents  have  hitherto  been  almost 
useless.  This  is  owing  to  the  fact  that  a  thoroughly  satis- 
factory electric  motor,  or  machine  for  converting  ekciric  into 
mechanical  |x>wer,  has  not  yet  been  devised  for  use  with 
ordinary  alternate  currents.  Such  motors,  however,  have 
Ih'cii  successfully  emplnycd  on  a  large  scale  with  alternate 
currvnis  of  a  jieculirir  kind,  known  as  ])olyf)hase  curieiits, 
the  nature  and  production  of  which  we  propose  lo  explain 
briefly, 

In  the  electric  transmission  of  power  by  ordinary  altet' 
natc  currejits  two  conductors  .arc  used,  an<l  at  any  instant 
the  current  in  t)nc  of  these  is  exactly  op|K)site  in  f>fM\t  to 
the  current  in  the  other.  By  this  we  mean  that  the  rnrti-nt 
111,  Bay,  tile  outgoing  line,  rc.irhcs  its  /cw/.tv  mn  ■ 

till"  *imt*    in^l:iti(  ll;:il    tlii*  i  nrrf'nl  ir^  llw  rrturii    Iii^i 
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its  negiUive  maximum.  The  fraction  of  the  full  periodic 
lime  which  measures  the  inlen';il  intervening  between  the 
instants  at  wliich  currents  of  the  same  [icriod  successively 
reach  their  positive  maxima,  expresses  the  diffcieiH(  oj  (<hase 
between  them.  In  the  case  just  cited  this  difference  of 
phase  is  half  a  period,  and  the  currents  are  said  to  be  in 
oppmk  />/i(iics.  Hut  if,  for  example,  the  periudie  time  be 
T^^ijth  of  a  second,  and  one  current  reaches  its  positive 
maximum  sjij^th  of  a  second  after  another,  its  phase  is  said 
to  be  one-third  of  a  period  behind  the  first. 

Now,  it  is  possible  to  transmit  power  electrically  by 
means  of  alternate  currents  dilil-ring  in  phase  by  any  simple 
fraction  of  a  period,  provided  a  sut)icient  number  of  con- 
ductors be  used.  Thus,  if  the  phases  differ  by  one  fifth  of 
a  period,  five  lines  must  he  used,  and  so  on.  Such  currents 
are  i..\\\xid  polyphase  currents.  .\  multiplication  of  the  num- 
ber of  lines  has  obviou.s  disadvantages,  and,  therefore,  at 
present,  only  three  lines  are  used,  and  the  currents  in  these 
difler  by  onetiiird  of  a  period.  Thus,  at  a  certain  instant, 
one  line  would  be  carrying  a  positive  ciurent,  equal  in 
magnitude  to  the  sum  of  two  negative  currents  in  the  other 
line;:.  An  instant  later  the  first  and  second  line  would  both 
be  carrying  positive  currents,  equal  in  sum  to  a  single 
negative  current  in  the  third  line,  and  so  forth.  The  con- 
dition is  that  the  algebraic  sum  of  ihc  currents  in  the  three 
lines  should  always  be  e(|ual  to  zero.  In  what  follows  wc 
shall  confine  ourselves  to  this  case  of  three  currents  differing 
in  jihase  by  one  third  of  a  peiiod,  and  therefore  known  as 
thr.eptune  currents. 

A  little  consideration  of  the  laws  of  magneto-electric 
induction  will  show  that  it  is  i|iiiie  easy  to  generate  thrce- 
ph.ise  lurrcnts.  Let  A,  It,  and  C,  Figs.  227  and  iaS  be 
three  exactly  similar  coils,  c(iuidii>lant  from  one  another  on 
the  ling  armature  of  a  two  p(»le  dynamo.  For  a  moment 
suppo.Nc  each  coil   tti  be  ilisconntcted  from  Ihc  other  and 
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closed  on  itself.  As  the  ring  rotates  alternate  KM.F.'s  and 
the  corresponding  currents  will  be  set  up  in  these  coils,  and 
it  is  quite  easy  to  see  that  the  E.M.F.'s  will  reach  their 
positive  maxima  at  successive  moments  of  time,  separated 
by  intervals  equal  to  one-third  of  the  time  taken  by  the  ring 
to  make  a  complete  revolution — that  is,  one-third  of  the 
time  of  a  complete  alternation  of  each  E.M.F.  These 
induced  E.M.F.'s  therefore  tUfff  in  phase  by  one-third  of  a 
period.  The  arrow  heads  are  intended  to  represent  the 
directions  of  the  E.M.F.'s  at  the  instant  considered,  the 
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rotation  of  the  ring  being  dock  wise.  Thus  in  A  the  E.M.F. 
is  increasing,  in  II  it  is  diminishing,  but  is  in  the  same 
direction  as  in  A,  whilst  in  C  it  is  also  diminishing,  but  is  in 
the  oii|Mwite  direction  to  what  it  is  in  A  and  15. 

There  are  several  ways  in  which  these  induced  E.M.F.'i 
may  be  made  to  su])ply  currents  to  external  circuits,  and 
two  of  these  arc  re|)rcstnted  in  the  diagrams.  In  Fig.  2^^ 
wh.it  has  been  cillcd  the  "  .Star  "  method  of  <  onnection  is 
used.  The  tlirec  corresponding  ends  of  the  coils  ate  con- 
nected together  at  a  loinniun  junction,  J,  .md  the  three  other 
ends,  r»,  ^.  and  r,  are  biouglit  to  three  insul.ited  rmgs  on 
the  axle  of  the  machine,  from  which  sliding  lirunhct  cany 
the  rummt  to  the  line  wires,  which  in  their  turn  have  a 
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common  junction  in  the  distant  apparatus.  At  the  instant 
represented  currents  are  going  out  from  n  and  /',  whose  sum 
is  equal  in  magnitude  to  the  return  rurrcnt  entering  at  (•. 

In  Fig.  228  the  "Mesh"  method  of  connection  is 
represented.  Here  one  end  of  each  coil  is  connected  to  the 
beginning  of  the  next,  as  in  the  ordinary  Gramme  ring;  hut 
the  (Kiints  o,  /',  and  c,  instead  of  being  joined  to  the  segments 
of  a  three-partcommutator,  are  joined  to  insulated  collecting 
rings,  from  which,  as  in  the  "  star "  method,  lhreepha.se 
currents  can  be  supplied  to  three  separate  line  wires.     At 


Ftg.  »8. — **  Mcsli  "  CoatMCtioiw  of  Three- Ftuje  Alternator. 


the  instant  represented  the  current  going  out  from  a  will  be 
equal  to  the  sum  of  the  currents  in  x  and  r,  and  inter- 
mediate between  them  in  phase.  The  current  from  /'  will 
be  equal  to  the  difference  of  the  currents  in  3  and  y,  whilst 
the  current  entering  at  c  will  be  equal  to  the  sum  of  the 
currents  in  .v  and  :.  As  before,  in  the  outer  wires,  the 
current  coming  to  c  is  equal  to  the  sum  of  those  going  from 
a  and  fi. 

In  the  preceding  section  of  this  book  we  have  given 
details  of  so  many  alternators,  that  it  is  perhaps  not  neces- 
sary to  describe  a  three-phase  machine.  Such  machines 
are  usually  multipolar,  and  their  armature  coils  are  simply 
divided  into  three  sets,  so  placed  relatively  to  the  ])oles  that 
the  E.M.P".'s  induced  in  them  differ  by  one-third  of  a  period. 
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One  civl  of  each  set  of  coils  is  hrouglil  to  a  collecting  ring, 
and  ihc  oilier  ends  are  joined  up  inside  the  machine  accortl- 
ing  to  cither  the  "star"  or  "mesh"  methods  e.\|)l.aincd 
above,  or  in  one  of  the  fiiher  more  complicated  ways 
theoretically  possihle. 

Electric  Waves. 

liclorc  ( loNJng  tins  chapter  a  brief  reference  may  he 
made  to  a  subject  which  has  excited  yreat  intereiil  during; 
the  last  few  years,  not  only  in  the  scientific  world  but 
also  amongst  that  large  section  of  the  general  pid)lic  which 
keejjs  more  or  less  in  touch  with  the  scientific  progress  of  the 
time  ;  a  subject,  moreover,  which  has  largely  modified  our 
views  of  the  ntoJiis  operandi  ni  electric  phenomena,  and  holds 
out  promises  of  still  fiirthci  advance  in  the  not  distant  future. 

In  the  preceding  chapters  attention  has  been  drawn 
repeatedly  to  the  necessity  of  examining  the  actions  t.ikmg 
j)lace  in  the  surrounding  media,  instead  of  confining  the 
attention  to  the  conductors,  and  the  whole  trend  of  recent 
theory  and  research  has  been  in  the  direction  of  ninplifying 
our  kndwiedge  of  ihose  actions. 

Two  kinds  of  strain  energy  existing  in  the  meditmi  h.nvc 
been  referred  to ;  one  very  fully,  the  other  briefly.  The  first 
is  the  magnetic  energy  in  the  medium  surrounding  a  con- 
ductor in  which  a  current  is  flowing,  the  other  (page  396) 
is  the  electrostatic  strain  energy  which  exists  in  Ihc  dielectric 
that  separates  two  conductors  at  different  potentials.  If  the 
current  in  the  one  c^se  or  the  P.D.  in  the  other  be  steadily 
maintained  llic  magnetic  or  the  cleilmslatic  licld  is  ijuitc 
steady.  Hut  consider  what  must  happen  whilst  this  sUile  of 
strain  in  cillicr  cose  is  being  set  up.  The  energy  stored  in 
the  medium  when  the  steady  state  i-  'vcl 

from  the  <iource  of  eiietgy  to  its  fmai  __     ih«r 

medium  in  a  kind  of  |)ulsc  or  wave,  which  must  take  litiie  lu 
teach  its  destination  by  a  continuous  path  ;   at  feast  this 
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seems  the  only  way  in  whidi  our  finite  intelligence  can  even 
vaguely  nltcmpt  to  follow  what  is  taking  jilare. 

To  sini()lify  tlu-  case,  let  us  consider  only  the  magnetic 
field  due  to  a  current,  as  being  the  one  with  which  we 
have  most  familiarised  our  readers,  merely  remarking  that 
corresponding  consideration  will  apply  to  the  electrostatii 
field,  and  indeed  that  both  I'leUls  are  to  be  regarded  as 
simultaneousi)  present.  The  above-mentioned  propagation 
of  the  energy  of  the  field  must  take  place  during  its  setting 
up.  l!ut  what  hajipcns  when  the  current  is  stopped?  We 
have  seen  that  much  of  the  energy  is  thrown  back  into  the 
circuit  and  retards  the  fall  of  the  current,  and  therefore  the 
energy  once  more  tra\els  through  the  medium.  But  all  of 
it  may  not  reach  the  original  circuit,  for,  as  we  have  seen, 
pari  of  it  may  set  up  currents  in  neighbouring  circuits,  and 
thus  be,  as  it  were,  intercepted  l)y  them. 

Pass  now  from  a  single  niake  and  break  of  a  current  in 
a  circuit  to  the  tUicluations  of  an  alternate  current  and  still 
consider  the  magnetic  field  only.  This  field  must  be  in  a 
continual  state  of  flux,  growing,  diminishing,  reversing,  and 
so  forth.  The  dislurljances  which  produce  these  changes, 
and  which  we  may  certainly  call  dectric,  must  be  travelling 
through  the  medium  from  their  source,  and  must  lake  lime  to 
travel  from  point  to  point.  Moreover,  as  we  have  seen,  and 
as  we  shall  see  more  forcibly  in  treating  the  alternate 
current  transformer,  much  of  the  energy  from  the  current 
generators  may  appear  in  distant  circuits  which  have  no 
conductive  connection  with  the  circuit  of  the  generator. 

Two  questions  may  here  be  fairly  asked.  If  the  above 
disturbances  travel  through  the  medium,  do  they  travel  at  a 
definite  speed,  and  has  that  si)eed  been  measured  ?  The 
answer  is  "yes"  to  both  questions.  There  are  several  in- 
direct ways  in  which  the  speed  of  propigation  of  .in  electric 
disturbance  in  air  can  be  measured,  and  these  were  very 
fully  elaborated  by  Clerk-Nfivwrll  In  his  classical  book  on 
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Electricity  and  Magnetism.  The  result  of  the  measure- 
ments is  that  in  all  cases  the  speed  so  nearly  approximates 
to  that  of  light  that  no  reasonable  iloubt  can  exist  of  the 
identity  of  these  two  speeds. 

The  velocity  of  light  in  air  is  about  i  So,ooo  miles,  t)r 
one  thousand  million  feet  per  second.  A  frecpiency  of  200 
(Micillations  per  second  is  rather  above  than  under  that  of 
the  alternate  currents  in  modern  alternators.  If  we  suppose 
tiie  disturbances  set  up  in  the  medium  by  lliese  currents  to 
be  propagated  in  the  form  of  waves  with  the  above  velocity, 
then  each  wave  must  be  aliout  900  {i.e.  ""' " '-"' )  miles  long 
from  crest  to  crest.  It  is  obvious  that  we  cannot  test  our 
sup()t>sition  by  looking  experimentally  for  the  ordinary 
phenomena  of  wave  motion  in  waves  of  this  unmanageable 
length,  i'or  these  tests  we  must  obtain  waves  of  much 
shoiler  length,  or,  what  is  the  same  thing,  instead  of  tlie 
oscillations  being  a  few  hundreds  per  second,  ihey  must  1k' 
many  millions,  for  with  one  million  oscillations  per  second 
the  waves  would  .still  be  about  one  thousand  feet  long. 

Electric  Oscillations. — Forty  years  .igo  I^)rd  Kelvm, 
then  Professor  Thomson,  showed  that  theoretically  the  dis- 
charge of  a  Leyden  jar,  as  ordinarily  t.iken,  does  not  consist 
of  a  single  current  in  one  direction,  but  of  rapid  oscillations 
of  current,  dying  away  in  uiueh  the  same  manner  as  the  vibrr 
tions  of  a  bell.  The  frequency  and  the  periodic  time  of  the 
oscillations  were  shown  to  depend  upon  the  electrostatic 
capacity  of  the  jar  and  the  resistance  and  inductance  of  the 
discharging  circuit;  i.e.,  upon  the  electrical  time-constant* 
involved.  These  theoretical  deductions  were  afterwanl.t 
conclusively  verified  experimentally.  In  ordinary  cases  Ihc 
frequency  is  high,  mounting  up  into  millions  per  second, 
so  that  we  have  in  the  disturbances  set  u|)  in  the  surround- 
ing medium  an  op|)ortunily  of  testing  wlictlicr  thij  nropaca- 
tion  is  of  the  nature  of  wave  motion. 

Hertz*  Experimenta. — There  stiii  rem:iiniii  i 
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culty  of  how  to  detect  the  existence  of  the  waves  experi- 
mentally,  and  this  was  not  overcome  until  quite  recently 
(in  1887)  by  Hertz,  whose  early  death  we  have  so  lately 
been  called  \i\Kti\  to  deplore.  Using  the  principle  of  re- 
sonance, so  well-known  in  acoustics,  he  showed  that  very 
simple  apparatus  only  was  necessary  for  quite  a  number  of 
experiments,  and  with  this  he  conclusively  proved  that 
waves  were  set  up  in  the  medium  by  the  discharging 
Leyden  jars.  All  the  phenomena  characteristic  of  waves 
— such  as  reflection,  refraction,  polarisation,  and  so  forth^ 
were  produced  and  examined.  Since  Hertz'  first  i)apers 
on  this  subject  appeared,  numerous  workers  have  attacked 
the  problems  presented,  and  many  other  ways  of  detecting 
the  waves  have  been  elaborated,  in  addition  to  the  original 
Hertzian  Resonators.  The  description  of  these  is  beyond 
the  scope  of  this  book,  but  some  of  the  curious  i)roperties 
of  the  waves  themselves  may  be  mentioned.  First,  there  is 
no  breach  of  continuity  in  the  series  of  wave-lengths  which 
can  be  obtained.  •  Waves  varying  in  length  from  a  minute 
fraction  of  an  inch  to  miles  have  been  produced.  Still 
more  curious  is  their  behaviour  as  regards  ordinary  material 
objects.  'I'o  most  of  these  waves  stone  and  brick  walls 
and  [lartitions,  pitch,  wood,  and  many  ordinarily  opaque 
objects  are  perfectly  Iransparent.  Waves  generated  outside 
a  building  can  be  picked  up  inside,  and  Tue-vtrsd  :  they  can 
pass  from  one  room  to  the  next  though  ordinary  means  of 
comniiinicalion  are  carefully  closed.  In  fact,  the  only 
class  uf  substances  ojiaque  to  them  are  the  good  electrical 
conductors ;  and  the  more  perfect  the  conductor  the  more 
opoi/ue  is  it  to  the  elcttric  waves. 

Electro- Magnetic  Theory  of  Light.— In  his  great 

work,  already  referred  to,  Clerk-Maxwell  put  forward  ten- 
tatively the  theory  that  light  is  an  electro-magnetic  pheno- 
menon. The  chief  basis  of  the  theory  was  the  experimental 
identity  of  the  two  speeds,  but  other  consider.itions  were 
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adduced.  E\cii  belore  Hertz'  expcriraents,  most  scientists 
who  had  carefully  considered  Maxwell's  theory  had  iitilc,  il 
any,  doubt  thai  he  was  right.  But  Hertz'  and  sul)sc<]ucnl 
exi'eriincnls  have  conclusively  proved  the  practical  identity 
of  light,  so-called  radiant  heat,  and  the  electric  waves  wc 
have  just  been  considering.  The  mode  of  vibration  and 
the  speed  of  i)ropagalion  in  vacuo  are  the  same,  the  only 
differences  arc  those  of  wave-length  and  fre<iuency.  The 
eye,  in  fact,  is  an  electric  organ,  but,  whether  fortunately  or 
unfortunately,  it  would  be  perhaj)s  rash  to  say,  its  range  is 
very  limited.  Out  of  the  myriads  of  actually  existing  and 
possible  frequencies,  it  can  only  recognise  those  lying  within 
abuut  a  single  octave  ranging  from  about  38c  to  about 
760  billions  of  vibrations  per  second.  The  sense  of  heat 
covers  a  wider  range,  but  is  not  so  sensitive  or  definite 
in  its  indications.  Outside  these  senses,  though  literally 
immersed  in  the  waves,  we  are  <iuite  unconscious  of  their 
existence,  and  the  methods  of  detecting  them  that  we  have 
alluded  to  must  be  ranked  amongst  the  greatest  discoveries 
of  the  last  quarter  of  the  nineteenth  century, 

One  word  more  and  we  must  leave  this  fascinating 
subject.  It  is  well-known  that  in  the  science  of  optics  it 
has  Ix'en  found  necessary  lu  postulate  the  existence  of  a 
medium,  called  the  "  ether,"  fur  the  transmission  of  the 
wave- motion  which  is  now  universally  rccognisetl  as  tton- 
stituting  light.  This  mcdiimi,  in  order  lo  satisfy  the 
cxperimcnlal  conditions,  must  have  pruiicrlies  which  it  is 
very  dillicull  to  realise  as  being  pass<.'ssed  by  so  subtle  a 
body.  On  the  other  hand,  we  have  the  mysteriuux  entity, 
which  since  the  time  of  Gilbert  has  been  cilled  Elcctiicily. 
What  is  it  ?  Wc  do  not  know.  I  Jul  j  consideration  of  the 
experiments  and  phenomena,  so  bnetly  referred  to  above, 
ha&  led  moie  than  one  thinker  on  the  subject  to  put 
foTwatd,  at  least  tciUativcly,  the  theory  that  E/ectridty  aitd 
the  LuminifctoMi  MlJitr  arc  identical 
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CHAPTER   XI, 
APPLICATIONS    OF    THE    CHEMICAL    EFFECT. 

The  next  aspect  in  which  we  wish  to  present  ihe  lilectric 
Current  to  our  readers  is  one  which  deals  witii  those  appli- 
cations by  which  the  labours  of  scientists  and  the  ingciuiity 
of  inventors  have  captured  and  harnessed  it  for  the  service 
of  mankind.  We  have  already  remarked  in  the  early  part 
of  this  book,  that  in  the  vast  majority  of  the  applications  of 
electricity  to  praciical  work,  it  is  the  energy  of  the  Kleciric 
Current  that  is  the  working  vehicle,  and  not  those  olher 
manifestations  of  electrical  activity  which  are  familiar  on 
the  lecture  table  and  in  the  laboratory.  These  latter  arc  of 
extreme  interest  in  all  speculations  regarding  the  nature  of 
the  entity  that  we  call  electricity,  and  did  sp.ice  permit  wc 
should  be  only  too  glad  to  refer  to  thcni  in  detail.  .'\s  it  is 
we  have  elected  to  confine  ourselves  to  Current  phenomena, 
feeling  that,  without  making  the  book  loo  bulky,  our  limits 
arc  all  too  small  to  do  adcijualc  justice  even  to  these. 

In  dealing  with  the  applications  of  the.  Electric  Current, 
we  shall  first  take  up  separately  the  special  applications  of 
each  of  the  three  characteristic  effects,  and  then  in  a  final 
chapter  deal  with  the  question  of  the  Electrical  Transmission 
of  Power,  in  which  advantage  is  taken,  as  necessity  suggests, 
of  any  one  or  more  of  these  effects. 
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In  considering  the  produclion  and  the  laws  of  the  electric 
nirrent,  we  have  in  each  case  taken  up  the  chemical  side  of 
the  suijject  before  either  the  thermal  or  the  magnetic.  We 
therefore  propose  to  follow  the  same  course  in  this  section, 
although  the  applications  of  the  chemical  effect  are  neither, 
on  the  one  hand,  so  imposing  or  gorgeous  as  those  of  the 
thermal  effect,  nor,  on  the  other  hand,  so  far-reaching  in 
their  social  consequences  as  those  of  the  magnetic  effect. 
Nevertheless,  they  have  a  certain  interest  of  their  own,  and 
have  not  been  without  their  influence  in  cultivating  the 
artistic  tastes  of  the  people,  by  bringing  faithful  reproductions 
of  works  of  art  within  the  means  of  those  who  have  no 
opportnnily  of  becoming  familiar  with  the  originals,  l-alcly, 
too,  these- chemical  effects  have  been,  and  still  arc  being, 
further  developed  in  directions  which  promi.se  lo  have 
important  bearings  on  more  than  one  industry.  .\s  usual, 
We  begin  with  a  brief  historical  sketch. 

Historical —^The  discovery  of  the  chemical  effect  of 
ihe  current  has  already  been  alluded  to  (page  15).  Very 
shortly  afterwards,  in  i8oi,  AVoUaston  observed  the  deposi- 
tion of  copper  on  a  silver  coin,  coimected  with  a  mure 
jtositive  metal  and  dijjped  into  a  solution  of  copper  sulphate. 
Still  more  striking  were  the  experiments  of  Brugnatelli,  at 
I'aris,  in  1805,  in  which,  for  the  first  time,  a  base  metal  was 
coal  -d  with  a  more  costly  one,  a  process  which  is  now  ax- 
ten^i\ely  e.nplojed  under  Ihe  name  of  f/fttrn-f/iitiH/;.  Brug- 
natelli, using  an  ammoniacal  solution  of  chloride  of  gold 
and  a  V'ulla's  pile,  sDccecded  in  gilding  silver  coins.  Tiie 
prtHc-is  of  elect rct-jilating  was  not,  however,  rummercially 
developed  \miil  1840,  when  ^Ics^r«i.  F-lkingtun,  <tf  Ltirming- 
him,  took  out  patents  in  England  and  France  for  various 
practical  processes.  The  chief  difficulties  of  previous 
workers  had  been  sometimes  the  cr)'stallinc  nature  and 
sometimes  the  non  adhesive  .irid  non  i-oherrnt  rharacter  of 

\\\r     tli(ti 'silt.        Till-    sllr*  rssflll    <1t-t>(  )«sir  li  >ri     i>f    itMn     n:l-:     nnt 
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accoinplished  until  1S46,  when  Boettger  discovered  the 
secret ;  and  a  good  method  of  steel-plating  was  only  dis- 
covered in  1859,  by  Jacquin. 

Meanwhile,  another  branch  of  the  art,  that  of  tieclro- 
lyf>i'igi  had  been  receiving  attention.  De  La  Rue,  in  1836, 
had  noticed  that  the  copper  deposited  on  the  negative  plate 
of  a  Daniell's  cell  could  be  detached,  and  that  this  copper 
bore  the  most  exa<t  impress  of  the  surface  on  which  it  had 
been  deposited.  In  1839  three  different  exiierimenters 
simultaneously  developed  practical  methods  for  applying 
this  discovery  to  the  copying  of  medals,  or  other  small 
objects.  These  exjierimenters  were  Thomas  Spencer,  o\ 
Liverpool,  who  brought  ihe  process  most  rapidly  to  perfec- 
tion ;  Professor  Jacob!,  of  Sl  Petersburg,  who  used  it  for 
copying  engraved  copper  plates  ;  and  C.  J.  Jordan,  a  printer, 
of  London.  The  process  of  copying  medals  and  coins  .soon 
became  a  fashionable  amusement.  The  coin  to  be  copied 
was  varnished  on  one  side,  lo  prevent  de[)Osition  there,  and 
was  made  the  negative  plate  of  a  short-circuited  Daniell 
cell :  in  the  course  of  a  few  hours  a  thick  deposit  was  formed 
on  the  exposed  side,  and  could  easily  be  removed.  The 
copy  was,  of  course,  in  intaglio,  instead  of  in  relief,  and 
another  copy  would  have  to  be  taken  from  this  to  reproduce 
the  0rigin.1l  <-(iin. 

The  necessity  for  using  Iwc  electrical  processes  in  order 
to  obtain  a  facsimile  copy  of  the  original  was  obviated  by  a 
discovery  of  Murray,  in  1840.  He  found  that  a  mould 
taken  from  the  original  coin  in  any  convenient  material, 
such  as  wax  or  plastcr-of- Paris,  could  be  rendered  sulViciently 
conductive  on  the  surface  by  coating  it  with  plumbago  or 
blacklead.  The  mould  so  coated  can  be  used  to  receive  the 
deposition,  which  then  forms  a  faithful  reproduction  of  the 
original. 

It  is  interesting  lo  note  thai  one  of  ihe  earliest  con- 
tinuous-current dynamos,  Woolrich's  (page  225),  was  con- 
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striictcd  for  the  purpose  of  supplying  current  for  electro- 
plating. In  fact,  this  was  the  first  occasiun  on  which  the 
dynamo  was  used  for  commercial  purposes. 

In  the  following  at  count  of  the  applications  of  the 
chemical  effc<  t  of  the  current,  we  first  describe  the 
processes  involving  the  electro-deposition  of  metah  in 
the  several  industries  of  electroplating,  electro-typing, 
and  electro-metallurgy,  and  then  deal  briefly  with  other 
applications  usually  classified  under  the  general  heading  of 
electrochemistry.  These  include  bleaching,  tanning,  dyeing, 
rectifying  al<-ohc)l,  etc.,  by  means  of  the  current,  as  well  as 
electric  analysis,  and  a  few  other  npi>licalions. 

Electro-Plating^. 

Simple  as  is  the  tlieory  of  the  process  of  electro-plating, 
there  is  scarcely  any  operation  in  the  applications  of  science 
which  retjuires  greater  care  to  carry  it  to  a  successful  issue. 
It  is  essentially  a  case  where  proper  attention  to  minute 

details  makes  all 
^       '-  the  difTerencc  be- 

tween success  and 
failure. 

I'crfect  clean* 
liness,  as  regards 
the  surfaces  to 
be  coated,  is 
absolutely  neces- 
sary. The  articles 
to  be  plated  arc 
first,  if  very  dirty, 
mechanically  cleaned  by  means  of  a  ".scratch  brush,"  t  d 
(Fig.  jzg).  which  is  a  circular  brush  of  fine  brass  wires 
mounted  on  a  leather  spindle,  and  rotated  at  a  high  speed. 
For  smaller  articles  other  forms,  a,  A,  of  brushes  are  used. 
After  the  mechanical  cleansing,  gicasc  and  fat  are  removed 
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by  (lipping  in  hoi  causlii-  poiasli,  nftcr  wliich  tlie  objcrts  are 
dipped  in  some  kind  of  arid  bath,  whose  composition  and 
strength  de|jend  on  the  material  of  the  object.  They 
are  then  ready  for  the  jilating  bath. 

Any  flettric-turrenl  generator  may  be  used,  provided  it 
supph'cs  currents  of  not  too  high  a  voltage,  and  of  a  proper 
magnitude  for  the  work.  In  the  simplest  case  a  galvanic 
generator  and  the  depositing  cell  may  be  combined,  as 
described  in  our  historical  notes.  Such  an  arrangement  for 
copj)cr  depositing 
is  shown  in  Fig. 
zyy.  A  number 
of  porous  |K)ts 
are  arranged  round 
the  dejiositing  vat, 
wiiich  is  filled  with 
a  solution  of  sul- 
phate of  copper. 
These  porous  pots 
ronlain  dilute  sul- 
phuric acid,  and 
in  each  is  placed  a 
cylinder  of  zinc  ; 
all  these  cylinders 

are  connected  electrically  liy  a  circular  metal  wire,  on  which 
rest  two  stout  cross  wires,  from  which  the  object  to  be 
coated  is  suspended.  If  the  object  be  non-metallic,  for 
instance  a  plaster-figure,  its  surface  must  In?  rendered  con- 
ductive by  being  coated  with  a  l.iyer  of  plumbago.  The 
arrangement  is  essentially  a  Daniell's  battery,  with  the 
object  to  be  |)latcd  forming  the  negative  plate. 

For  good  work,  and  especially  where  the  objects  to  be 
plated  are  numerous,  it  is  best  to  separate  the  current 
generator  from  the  plating  bath.  A  convenient  form  of 
plating  bath  is  shown  in  Fig.  331.      The  plating  solution  is 
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contained  in  a  rectangular  lank,  round  the  rim  of  which  run 
two  stout  copper  wires  or  bars,  one  inside  the  other.  Either 
the  outer  one  is  raised,  or  the  inner  one  is  on  a  sunk  ledge, 
so  that  a  metal  rod  placed  across  the  outer  rectangle  clears 
the  inner  one  without  touching  it.  In  the  figure  the  outer 
rectangle  is  to  be  connected  to  the  positive  terminal  of  the 
source  of  electric  currents  by  means  of  the  binding  screw 
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marked  +,  whilst  the  inner  rectangle  is  to  be  connected  to 
the  negative  terminal  by  the  binding  screw  marked  — . 
I'roper  switches  and  adjustable  resistances  are,  of  course, 
placed  in  the  circuit  to  control  and  regulate  the  current. 
An  amperemeter  should  also  be  in  circuit.  The  articles 
that  are  to  be  plated,  when  properly  pre]>ared,  are  hung  in 
the  solution  from  short  metal  rods,  which  just  bridge  the 
inner  rectangle,  whilst  from  the  longer  rods  bridging  the 
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outer  rectangle,  are  hung  ihc  nnoiies,  usually  rough  plates  of 
the  metal  that  is  being  deposited.  The  current  enters  the 
solution  by  these  anodes  (which  are  dissolved  by  the 
chemical  actions  caused  by  the  current),  and  leaves  by  the 
ol)jeits  which  form  the  kathodes,  and  upon  which,  therefore, 
the  metal  of  the  solution  is  deposited.  The  amount  of 
current  passing  at  any  time  must  be  proportioned  to  the 
surface  of  the  objects  to  be  coated,  as  too  dense  a  current 
will  cause  a  bad  deposit,  whilst  if  the  current  is  too  small, 
although  the  deposit  will  be  good,  it  will  take  loo  long  to 
attain  the  required  thickness. 

For  gold-plating  an  alkaline  bath  of  gold  chloride  and 
potassium  cyanide  is  used,  and  the  colour  of  the  dc|)osit  is 
improved  by  warming  the  bath.  A  silver  bath  consists  of 
silver  cyanide  and  potassium  cyanide,  whilst  for  copper  a 
solution  of  copiter  sulphate  is  used.  In  nickel-plating  a 
double  sulphate  of  nickel  and  ammonium  is  employed. 
The  character  of  the  deposit  depends  greatly  on  the  exact 
composition  of  the  bath,  as  well  as  on  the  current  density. 
Numerous  recipes  for  baths  of  various  kinds  of  deposition 
are  given  in  special  books  on  the  subject. 

After  the  deposition  of  the  desired  thickness  oi  metal, 
the  object  has  usually  to  be  again  scratch-brushed  and 
afterwards  burnished  to  give  it  a  bright  metallic  appearance. 

As  a  source  of  current  for  electro-chemical  work,  the 
dynamo  has  now  almost  completely  displaced  the  galvanic 
battery.  The  class  of  dynamo  required  is  one  giving  a  targe 
current  at  a  low  pressure,  unless  a  good  many  baths  are 
placed  in  series,  when  a  higher  total  pressure  may  be  used. 
The  disadvantage  of  joining  baths  in  series  is  that  the  same 
amount  of  chemical  action  must  be  going  on  simultaneously 
in  each,  and  therefore  the  work  must  be  carefully  distributed 
amongst  them. 

Most  ordinary  dynamos  can  be  modified  so  as  to  be 
suitable  for  electro-deposition,  the  chief  change  being  that 
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the  wires  on  the  nrmaliirc  and  field  magnets,  though  ocriipying 
about  the  same  total  space  for  the  same  output  in  watts,  must 
be  much  thicker,  and  therefore  less  numerous  than  for 
lighting  purposes.  The  change  in  the  number  of  the  wires 
will  lead  to  the  generation  of  a  lower  E.M.F..  and  the 
increase  in  their  size  will  enable  them  to  carry  a  heavier 
current  without  dangerous  heating.  One  other  change  is 
necessary ;  the  commutator  having  to  pass  a  larger  current 
must  be  made  longer  and  more  massive, 

The  dynamos  used  for  electro  deposition  should  always 
be  shunt  wound,  lest  the  bark  K.M.F.  of  the  baths  should 
temporarily  exceed  the  forward  E.M.F,  of  the  dynamo,  and 
lead  to  a  reversal  of  the  magnetism  of  the  latter.  The  same 
considerations  a]>f)ly  to  dynamos  used  fur  charging  secondary 
l)atteries,  in  connection  with  which  (page  529)  we  sliall 
discuss  them  more  fully. 

Electro  Ty pi  nir> 

The  general  nature  of  the  process  of  electro-typing,  o'' 
the  reproduction  electrically  of  exact  facsimiles  of  objects, 
has  been  dcscrilwd  in  our  historical  notes  (page  469),  First 
a  mould,  or  matrix,  of  ilie  object  to  be  reprtxlurcd  is  taken. 
For  this  purpose  several  materials  are  available,  such  as  lead, 
fusible  alloys,  sealing-wax,  bces'-wax,  gutta-percha,  plastcr- 
of  Paris,  etc.  When  large  objects  have  to  be  copied,  the 
casts  of  (iifferent  parts  are  taken  separately,  and  afterwards 
fastened  tcjgether.  If  the  surface  to  be  copie<l  is  very  mutli 
under-cut.  gelatine  is  used,  as  it  is  sufficiently  ela.ttic  when 
set  to  allow  of  the  removal  of  the  object,  and  to  afterwards 
regain  the  form  ^iven  l<i  it  hv  tl>e  surface  from  which  it  \v\\ 
Iwcn  removed. 

After  the  mouhl  has  liecn  taken  il  it  prtpaied  lur  me 
bath  by  coating  its  surface  with  a  film  of  metal  or  pItMtt- 
b.igo.  If  the  surface  be  porous  it  must  first  \k  nude 
imooih  b)'  dipping  in  molten  wax  or  .'^t«•nTi•^■•       in-,  i^.r 
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plumhngo  is  used,  and  is  applied  carefully  with  a  earners 
hair  brush,  unlil  the  siirface  is  evenly  and  smoothly 
covered. 

The  process  of  rcfiroducing  a  statuette  is  shown  in 
Fig.  232,  where  one  half  of  the  mould,  originally  taken  in 
two  parts,  is  removed  to  show  the  arrangement.  In  a  case 
of  this  kind  the  anode  should  have  approximately  the  shape 
of  the  mould,  to  ensure  an  even  deposition  on  all  [larts.  For 
this  purpose  platinum  wire,  bent  to  the  required  shape,  is 
introduced       into  .        n 

the  interior  of , 
the  mould.  The 
platinum  is  con- 
nected to  the  posi 
tive  sup[)ly  main 
through  a  and  K. 
whilst  the  con- 
ducting plumbago 
surface  of  the 
mould  is  con- 
nected to  the  nega- 
tive main  through 
k,  c,  and  Z. 

One  of  the 
most  important  of  the  applications  of  electro-typing  is 
to  the  reproduction  of  facsimiles  of  engravings  and  letter- 
press ty|)e  for  printing  purpose.s.  With  regard  lo  the 
former,  the  practice  of  printing  from  the  original  block  or 
plate  h.is  been  entirely  superseded  where  large  numlwrs  of 
copies  are  required,  by  printing  from  copper  electrotypes 
deposited  on  moulds  taken  from  the  original  block.  .As  this 
block  has  only  to  make  impressions  on  the  soft  material  of 
the  moulds,  its  sharpness  and  clearness  is  indefmitely  pre- 
served. When  it  is  remembered  that  each  mould  furnishes 
a  copper  electrotype,  from  which  a  great  number  of  copies 
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can  be  printed  before  it  becomes  blurred,  we  see  that  the 
production  of  what  are  practically  proof  engravings,  or  eijual 
thereto,  has  been  widely  extended.  'I'hus  it  is  staled  that 
one  wood-block  for  the  engraved  heading  of  the  7//w«  news- 
paper, was  the  parent  of  no  less  than  20,000,000  impressions 
before  it  required  renewal. 

With  regard  to  letterpress  printing,  the  electro-type  enters 
into  comjjetition  with  the  stereo-type,  and  for  many  classes 
of  work,  especially  in  the  United  States,  has  completely 
displaced  the  older  method.  One  of  the  objects  of  both 
methods  is  to  enable  the  original  type  to  be  set  free  for 
further  use,  instead  of  being  kept  standing.  The  electro-  or 
stereo-type  plates  can  also  be  stored  against  the  contingency 
of  more  jirinted  copies  being  wanted,  a  process  that  could 
not  be  followed  with  ordinary  type  without  sinking  a  large 
amount  of  capital.  lastly,  the  expensive  ordinary  ly|)c 
being  only  used  to  take  a  few  proof  copies,  lasts  much 
longer,  and  can  be  used  many  more  times  than  would  other- 
wise be  possible. 

The  process  of  taking  one  of  these  electro-types  is,  in  its 
main  outlines,  the  same  as  tliat  described  for  the  production 
of  the  fac-simile  of  a  medal.  Bees'  or  other  wax  is  usually 
employed  for  the  material  of  the  mould.  A  good  plane  sur- 
face of  wa.x  having  been  made,  it  and  the  surface  of  the 
type  are  both  carefully  plumbagocd.  They  arc  then  pressed 
together  in  a  hydraulic  or  other  press,  and  the  wax  surface 
when  separated  shows  an  excellent  impression,  reversed,  of 
course,  of  the  type.  After  being  carefully  examined  and 
touched  up,  the  surface  of  the  wax  is  again  plumbagoed, 
or  otherwise  rendered  conductive.  Copper  wires  arc  then 
embedded  in  the  side  of  the  mould,  and  contact  made  be- 
tween them  and  the  conductive  surface. 

The  mould  is  now  ready  for  the  de]>osiling  vat,  in  which 
it  is  kept  until  a  sufficient  thickness  of  cop[)cr  h.is  lieen 
<1.-iniKit<'il       It    Is    tlicii    tnkcn    out,   .ind    the    unv   rrmoicd. 
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leaving  a  thin  copper  "shell,"  which  is  afterwards  "backed" 
wiih  about  an  eighth  of  an  inch  thickness  of  stereo-type 
metal.  These  are  afterwards  sometimes  further  mounted  on 
blocks  of  hard  wood. 

The  process  of  taking  electrotypes  of  engravings  is 
essentially  the  .same  as  that  just  described,  the  chief  differ- 
ence being  that  gutta-percha  is  preferred  to  bees  -wax  for  the 
mould. 

Electro-Metallupgry. 

The  chemical  effect  of  the  current  can  also  be  used  for 
metallurgical  purposes,  such  as  the  production  of  pure 
metals  from  impure  solutions  of  their  ores,  for  the  refining 
of  impure  metals,  and  also  for  the  accurate  assay  of  certain 
ores,  more  especially  cojjper  ore. 

The  electrolytic  refining  of  copper  is  carried  out  on  a 
fairly  large  scale  in  various  parts  of  Europe  and  America. 
'J'hc  impure  copper  treated  is  in  the  form  of  "Chili  bars," 
"black  copper,"  "copijcr  matte,"  "pimple  copper,"  etc. 
This  impure  copper  is  cast  into  convenient  sizes  and  shajtes 
for  anodes,  which  are  hung  in  the  depositing  vats.  These 
latter  are  usually  placed  in  series,  so  that  dynamos  of  higher 
E.M.F.  may  be  used,  thus  diminishing  the  cost  of  ihe  con- 
ductors for  tarrying;  the  large  currents  employed.  In  some 
American  refineries  a  different  arrangement  is  used.  Plates 
of  the  impure  coi>pcr  arc  placed  successively  in  the  vat  with 
one  thin  plate  of  pure  co])per  at  one  end.  The  latter  is 
connected  to  the  negative  main,  atui  the  first  of  the  impure 
plates  to  the  iwsitive  main.  The  current  thus  passes  all  the 
plates  one  after  the  other,  and  each  of  the  intermediate 
plates  is  both  a  kathode  and  an  anode,  receiving  pure  copper 
on  one  side,  and  having  impure  copper  dissolved  off  on  the 
other.  The  P.  U.  required  in  a  vat  with  a  kathode  of  pure 
copper  and  an  anode  of  copper  pyrites  is  about  075  volt, 
but   is  much  lower  if  the  anode  be  simply  some  form  of 
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impure  copper.  For  very  good  results,  i.t.,  lo  obtain  very 
pure  copper,  ihc  tlupusiliun  must  proceed  very  slowly,  anil 
in  some  cases  ilie  increase  of  thickness  of  the  kathodes  is 
only  allowed  to  be  j'ylh  of  an  inch  per  week  of  156  hours. 
A  fairly  safe  density  of  current  is  five  amperes  pier  square 
foot  at  the  kathodes.  With  rapid  deiwsition  some  of  the 
metals  present  as  impurities  may  be  deposited  on  the 
kathode.  The  metals  which  are  so  dej>osited 
most  readily  are  silver,  bismuth,  antimony,  arsenic, 
and  tin. 


\\^.  333.— KImurc  Dcpositiog  Tank. 


'I'hc  plant  required  for  a  large  electrolytic  copper  refinery 
is  very  extensive,  and  involves  tlie  sinking  of  a  large  amount 
of  capital.  This  necessarily  results  from  the  -•" 
with  which  dei>osition  must  proceed  at  any  iii' 
kathode,  thus  requiring  the  laying  down  of  a  large  number 
of  depositing  tanks  if  a  large  ipiantily  nf  roppcr  is  rci|uired 
per  week.  For  insianie,  il  ba.'t  been  e.stunated  that  from 
^'45,000   to    ^£,50,000  capital  is  re<|uired    fut   a    refinery 

capable   of    tMMnni<    unl    .ilifdit    qoo    Idn-.    iif   n-fini-tl    innutr 

per  month. 

During  tile  laii  lew  years  a 
calleii  from  the  name  of  it8  invcii 
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Jias  been  vigorously  pushed.  It  is  at  present  specially 
devoted  to  the  production  of  copper  tubes,  and  the  coating 
of  iron  tubes  and  hydraulic  rams,  etc.,  with  copper.  The 
special  feature  of  the  process  is  that  the  copper  is  burnished 
with  an  agate  burnisher  whilst  being  deposited.  A  section 
of  one  of  the  depositing  tanks  is  shown  in  Fig.  23.V  The 
tank  is  of  wood,  lined  with  bituminous  material,  and  filled 
with  sulphate  of  copi^er.  The  anode  consists  of  granulated 
copper,  lying  on  a  tray,  a,  a,  near  the  bottom  of  the  tank. 
This  granuhHed  copper  is  produced  by  melting  Chili  bars, 
and  i)ouring  the  molten  cupper  into  water.  For  the  produc- 
.tion  of  tubes  the  kathode  consists  of  a  carefully  turned  iron 
mandril,  mounted  on  glass  bearings,  and  kept  slowly  rotating 
by  the  simple  chain  gear  at  the  right-hand  end.  The  ends 
of  the  mandril  arc  coated  with  non-conducting  varnish,  to 
))revent  deposition  on  them.  As  the  mandril  rotates  copper 
is  deposited  on  it,  the  current  being  led  off  by  the  brush, 
A.  Simultaneously  the  burnisher,  D,  which  is  fiiced  with 
agate,  is  pressed  against  the  mandril  by  rubber  bands,  and 
slowly  travels  from  end  to  end  continually,  backwards 
and  forward.s.  When  the  required  thickness  has  l>ecn 
deposited,  the  mandril  and  its  covering  are  taken  to  the 
machine  room,  and  the  mandril  removed  by  a  mechanical 
process. 

The  great  advantage  of  the  burnisher  seems  to  be  that 
with  it  at  work  a  nui<  h  greater  current  density  can  be 
cmiiloyed  without  the  deposit  being  crystalline  and  weak. 
Thus  the  current  used  may  be  as  high  as  fifteen  or  twenty 
amperes  per  square  foot,  which  will  deposit  a  thickness  of 
one-eighth  of  an  inch  in  si.K  days  of  twenty-four  hours  each. 
Tht^  rapid  deposUion  considerably  dinnnishes  the  amount 
of  capital  invested  in  copper  "  lymg  idle  "  in  the  factory. 
As  the  granulated  cop|>er  contains  97  per  cent,  of  pure 
co|)per  the  risk  of  the  de|i09ition  of  imjiurities  is  minimised. 
Not  only  is  ibe  copper  deposited  very  pure,  but  it  has  great 
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tensile  strength,  and  will  stand  considerable  extension  with- 
out breaking. 

One  of  the  depositing  rooms  in  the  (icrman  KIraore 
works,  about  forty  miles  from  Cologne,  is  shown  in  Fig.  234. 
With  the  exception  of  the  special  machinery,  which  is  not 
very  prominent,  for  rotating  the  mandrils  and  moving  the 
burnishers,  the  figure  gives  a  very  good  idea  of  the  api)ear- 
ance  of  the  depositing  rooms  in  any  large  refinery.  In  this 
room  there  are  forty  tanks  in  series,  each  reiiuiring  a  P.P.  of 
rather  less  than  one  volt,  and  capable  of  depositing  from  six 
to  seven  tons  of  metal  per  week.  The  power  for  driving  the 
dynamos  is  obtained  from  turbines  worked  by  water  from 
the  Sieg,  an  affluent  of  the  Rhine.  Eventually  eight  large 
dynamos,  capable  of  producing  currents  of  the  aggregate 
value  of  about  10,000  amperes  at  50  volts,  are  to  be 
employed  in  the  factory. 

With  this  we  leave  electro-metallurgy  for  the  present. 
There  are,  however,  still  other  branches  in  which  the  heating 
effect  of  the  current  is  employed  ;  to  these  we  shall  return  in 
the  next  chapter. 

Electpo-Chemistpy. 

Although,  strictly  speaking,  the  last  three  sections  are 
all  branches  of  electro-chemistry,  we  prefer  to  reserve  the 
term  for  those  less  important  apj)lications  of  the  chemical 
effect,  which  are  unconnected  with  the  great  metal  industries 
of  the  country.  Amongst  these  we  may  enumerate  bleach- 
ing, dyeing,  tanning,  the  rectification  of  alcohol,  the  purilj- 
cation  of  sewage,  ami  some  minor  applications. 

Elfctric  tilouhxHj;  and  the  electric  prijduction  of  bleaching 
powder,  are  subjects  which  have  recently  attracted  a  great 
deal  of  attention   from    inventors  and  nv  •  rs.     In 

most  bleaching  jirocesses  chlorine  is  the  i-nt     Jt 

is  usually  obtained  from  chloride  of  lime  and  bleaching 
powder,  a  substance  which  is  manufactured  for  the  purpoK 
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in  large  quantities.  Elcciricall)',  twu  t;L-neral  methods  have 
been  developed.  In  one  the  utteniion  is  directed  to  forming 
bleaching  powder,  or  some  substitute  more  economirally  than 
in  the  ordinary  way,  whilst  in  the  other  the  electric  current  is 
ajiplied  in  the  operation  of  bleiching  itself,  and  the  attcn>pt 
is  made  to  dispense  with  the  use  of  bleaching  powder 
The  subject  is  an  extensive  one,  but  for  illustrntiun  a 
descri[>tion  of  a  pro;ess  of  the  first  kind  may  sufti<:e. 

Following  a  long  series  of  investigators,  this  i)rocess  has 
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been  (leveloi)ed  on  a  commercial  scale  liy  M.  Hermite 
consists  e.ssentially  of  the  eleclroljsis  of  niagne.siiiin  ( li 
in  a  basic  solution,  whereby  a   liquid  of  hi.^ 
power  is  produced.    This  liijuid  is  at  > 
purposes,  and  when  spent  in  rrriirtv 
to  be  regenerated,      Ihus  i' 
arc  used  over  and  over  t'" 

M.    Hennitc's  elei  ' 
coDioats  of  u  'julvaniscil 
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a  great  number  of  electrodes.  The  kathodes  are  circular 
zinc  discs  Z,  imutnled  at  regular  Intervals  on  two  slowly 
rotating  spindles.  Interlaced  with  these  discs,  without  touch- 
ing them,  are  the  anodes,  one  of  which  is  shown  separately 
in  Fig.  236.  It  consists  of  an  ebonite  frame,  F  F,  on  which 
is  mounted  platinum  gauze  connected  by  a  leaden  lug  to  a 
substantial  cojjiier  bar,  by  which  the  current  is  led  in.  On 
the  anode  is  an  ebonite  scraper,  S,  which  reaches  across  to 
the  neighbouring  cathode,  and  scrapes  oflf  any  deposit  as  the 
zinc  disc  slowly  revolves  jiast  it. 
The  anodes  and  kathodes  are  con- 
nected in  parallel  circuit,  so  that 
the  total  current  supplied  is  divided 
amongst  thorn.  In  t lie  bottom  uf 
the  tank  is  a  large  j^ipe  with  numer- 
ous holes,  by  which  the  liijuid  to 
be  treated  enters  the  tank.  After 
passing  the  electrodes  the  liquid 
overflows  into  the  ledge  or  glitter 
round  the  top  edge,  whence  it  is 
pumped  to  the  bleaching  vats. 

I'he  solution  used  contains  five 
pet  cent,  of  magnesium  chloride 
and  five  per  cent,  of  sea-salt,  to- 
gether with  a  small  quantity  of  recently  precipitated  magnesia. 
Chlorine   is   liberated  at  the  anode,  and  hydrogen  at  the 
cathode.    'I'hese  primary  jiroducts  of  electrolysis  react,  on 
the   chcuiicals   present,  and    produce   a   solution  of  great 
bleaching  power,  which  is  at  once  led  off  to  the  bleaching 
vais  and  used.     The  back  E.M.F.'s  in  the  electrolysers  are 
high,  requiring,  with  the  resistance  to  be  overcome,  a  P.  D. 
'  five  volts,  at  which  pressure  a  current  of  1,000  to  1,200 
■»  is  used. 
'*ciric-dycing,  which   is  especially  applicable  to  the 
red  from  coal  tar,  the  colouring  matter  is  formed 
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in  the  places  where  it  is  required  by  electrolytic  action.  The 
maierial  is  saturated  with  a  dilute  solution  of  the  proper  aniline 
salt,  and  is  placed  on  a  metal  plate,  on  which  tlic  pattfrn 
10  he  formed  has  been  traced,  and  the  parts  of  the  plate 
where  there  is  to  be  no  action  covered  with  non-condurling 
varnish.  The  plate  is  connected  to  the  positive  or  nejjative 
terminal  of  a  battery,  according  as  oxidation  or  reduction  is 
required,  and  in  about  a  minute  the  o|'>eration  is  complete. 
For  other  purposes  other  methods  are  employed. 

The  electric  current  is  also  used  to  accelerate  the  process 
of  tanning.  In  the  old  process  the  hides  to  be  tanned  had  to 
be  kepi  in  the  tanning  li((uor  for  long  periods,  so  that  the  skins 
might  assimilate  the  tanning  material  thoroughly.  Electric 
tanning  consists  in  using  the  electric  current  to  accelerate 
the  process  by  enabling  the  skins  to  assimilate  the  tanning 
matter  more  (juickly.  thus  reducing  the  lime  to  a  few  diys. 

Applied  to  the  ratiftaitioit  0/  alcohol^  the  electric  current 
is  used  to  remove  the  bad  taste  and  smell  of  the  unrerliBed 
alcohols  by  hydrogenating  the  aldehydes,  or  incoin]>lete 
alcohols,  to  which  these  properties  arc  supijosed  to  be  due. 
For  this  purpose  the  crude  alcohol  is  placed  in  contact  with 
a  zinc  copper  pile,  and  afterwards  passed  to  special  volta- 
meters, ill  which  a  strong  current  carries  the  ac'.ion  further. 

The  problem  of  the  l>iirifiMlioH  oj  siicit^e  is  one  of  the 
pressing  problems  of  the  day.  It  is  well-known  that  oxida- 
tion is  most  effective,  and  therefore  many  experiments  have 
been  made  to  utilise  the  o.\idising  action  at  the  anode  of  a 
voltameter.  These  cx|)eriments  have  met  with  a  certitin 
amount  of  success,  and  are  still  being  continued. 

There  are  other  minor  applications  of  the 
the  e.vamplcs  cited  will  be  sufficient  to  show  ow  it 

in  Ihc  industrial  arts,  wherever  an  oxidising  or  rc< 

i>  n:i|uired,  or  wherever  metals  have  to  be  dcpo... 

layers,  the  chemical  action  of  the  current  offers  a  rcadjf 
subtle  means  fur  accomplishing  the  (nu>t  dclicatB  "^^ 
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APPLICATIONS  OF  THE  THERMAL  EFFECT. 

The  ap|ilications  of  the  thermal  effect  of"  the  electric  current, 
though  much  more  recently  developed  than  those  of  the 
other  two,  bulk  dr  more  largely  in  the  i)0[nilar  imagination. 
They  haveattracted  much  more  attention,  notwithstanding  the 
fact  that  as  yet  they  are  not  nearly  so  important,  either  socially 
or  financially,  as  electric  telegraphy,  which  is  an  application 
of  the  magnetic  effect.  This  attention  is,  douliiless,  due 
to  the  greater  s{)Iendi)ur  of  the  results,  and  the  readiness 
with  which  they  lend  themselves  to  impressive  and  gorgeous 
displays  at  exhibitions,  and  in  the  public  streets  and  places 
of  resort.  Also,  the  enormmis  cjunnlilics  of  energy  dealt 
with,  the  massiveness  and  pruver  nf  the  machinery  employed, 
and  last  but  not  lea.st,  the  genera!  feeling  that  there  may  he 
still  more  startling  developments  yet  to  follow,  all  tend  to 
impress  the  imagination  in  a  manner  not  easily  resisted, 
even  where  the  inclination  to  resist  exists.  In  most  cases 
the  tendency  is  the  other  way,  and  the  reins  are  given  to 
the  imagination,  with  the  result  that  nothing  appears  to  be 
so  wild  or  imjirobable  but  that  it  may  be  accomplished  by 
the  same  agency  that  has  produced  the  wonders  already 
wrought.  These  pages  will  not  have  been  written  in  vain, 
if  a  perusal  of  them  should  tend  to  moderate  some  of  these 
dreams,  by  familiarising  the  reader  with  the  limits  impo.sed 
by  the  great  fundamental  laws  of  nature,  the  certainty  of 
which  is  now  so  firmly  established  that  there  can  never 
a^nain  arise  doubts  of  their  validity. 

the  tardiness  above    referred  to  in  the 

■■m.nl  effect  is  not   far  to   seek.     To 

>ni  cj(  heat  requires  the  expenditure 

int    of  energy,    an   amount  ((uitc 
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beyond  the  i>owcr  of  batteries  to  supply  economically.  It 
was,  thcrclorc,  noi  until  the  <lcvelopmenl  of  ll)e  dynamo 
machine  had  made  it  possible  to  convert  the  energy  of 
ordinary  fuel  into  the  energy  of  electric  currents  that  it 
became  possible  to  utilise  the  thermal  effect  of  those 
currents  on  a  large  scale. 

Electric  Ligrhtlng:. 

By  far  the  most  extensive  applications  of  the  heating 
eflfect  of  the  current  during  the  last  fifteen  years  have  been 
in  the  direction  of  producing  artificial  illumination.  For 
this  purpose  two  entirely  distinct  electrical  methods  are 
available.  There  is,  first,  the  direct  heating  effect  which  the 
current  produces  in  all  conductors  which  it  traverses.  The 
laws  governing  this  prmluction  of  heat  have  been  explained 
at  pai;e3ii,  and  a  little  consideration  will  show  that,  if  only 
the  current  supplii-d  and  the  resistance  of  the  conductor  be 
suffiriently  great,  the  production  of  heat  m.iy  be  so  rapid 
that  the  conductor  will  be  raised  to  a  red-  or  white-hot 
teinperaiure  before  the  loss  by  cooling  balances  the  heat 
prodnced.  When  this  occurs  the  conductor  of  course 
emits  light,  and  with  proper  appliances  the  light  may  Ik." 
utilised  for  illuminating  purposes. 

The  second  method  available  for  arlitieial  illumination 
is  that  which  leads  to  the  n^anifestation  ol  lightning  llashes 
and  electric  sparks  of  alt  kinds.  When  two  conductors  at 
diffeient  potentials  are  brought  near  to  one  another  with  an 
insulator  (or  ilitkdik,  as  Faraday  calls  it)  between  them, 
this  dielectric  is  subjected  to  a  mechanical  strain  which 
increases  rapidly  with  an  increase  of  the  dillerence  of  ihc 
IMJtcntials  of  the  two  bodies.  If  the  potential  difference 
be  only  increased  far  enough,  the  strain  on  the  dielectric 
becomes  so  great  that  it  is  eventually  ruptured,  and  «n 
electric  current  |iasscs  from  the  body  at  higher  potential  |o 
the  one  at  lower  potential  through  the   Imlc  made  in  Ihc 
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dielectric ;  :it  (he  moment  when  the  disraption  occurs  a 
spark  or  flash  of  light  is  seen  to  pass  between  the  l)odies. 
The  fact  that  ihcre  is  an  nrtuni  disruption  of  the  dielectric 
cnn  be  ascertained  froni  an  examination  of  W/(/ dielectrics 
through  which  the  sf)ark  has  passed ;  these  are  always  found 
to  be  |)unciured.  In  the  case  of  liquids  and  gasts  the 
puncture  is,  of  course,  automatically  mended  almost  as  soon 
as  produced.  Whether  the  spark  is  due  to  the  mechanical 
effects  of  the  disruption,  or  is  a  visible  appearance  of  that 
mysterious  entily  that  we  call  electricity,  is  immaterial.  For 
our  present  purpose  it  is  sufficient  to  note  that  in  some 
manner  iiglil  is  produced,  and  it  is  only  ncces.sary  to 
arrange  for  a  sufficiently  rapid  succession  of  sparks  for  these 
to  be  utilised  for  illumination. 

The  two  kinds  of  apparatus  on  which  these  two  different 
principles  arc  employed  fur  illuminating  purimses  are 
known  respet  lively  as  Imandescfnl  or,  more  briefly,  Olow 
Lamps,  <n<l  Arc  Lamps.  The  details  of  these  we  shall 
consider  scjKirately. 

Glow  Lamps. 

Historical.  —  The  fact  that  it  might  be  possible  to 
produce  arlifirial  illumination  by  the  raising  of  an  electric 
conductor  to  incandescence,  was  early  recognised  by  elec- 
tricians. But  the  first  practical  attempt  was  by  De 
Moylcns  of  Cheltenham,  who,  in  1S41,  f)atentcd  a  lamp 
which  consisted  of  a  fine  wire  of  platinum  in  a  glass  vessel ; 
the  incandescence  of  the  wire  was  to  be  assisted  by  a  falling 
stream  of  p.irticles  of  plumbago  or  charcoal. 

A  much  belter  lamii  was  invented  in  1845  by  Starr 
of  Cincinnati,  and  patented  in  this  country  by  King. 
It  is  most  interesting  as  being  the  first  recorded  lamp  which 
made  use  of  the  incandescence  of  carbon  in  a  vacuum, 
'i'he  lamp  was  contained  in  an  enlargenient  at  the  top  of 
an  ordinary  barometer  tulv,  more  than  thirty-one  inches  long 
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and  filled  in  the  usual  way  with  mercury,  thus  producing 
ihe  well-known  Torricellian  vacuum  at  the  upfx-r  end.  For 
a  suitable  material  for  his  strip,  Starr  experimented  widely, 
trying  and  rejecting  many  materials,  which  were  again  tried 
and  rejected  by  Edison  and  other  inventors  thirty  years 
later.  The  presenre  of  the  long  barometer-tube,  of  rnurse, 
militated  against  the  practical  use  of  the  lamp. 

.Simultaneously  with  Starr,  De  Changy,  in  iTancc,  was 
also  experimenting  on  carbon  and  carburated  platinum 
lamps,  and  met  with  a  certain  measure  of  success.  I^ter 
on,  Starr  tried  iridium  for  the  conductor,  and  Nollet,  Konn, 
and  others  made  attempts  to  use  carbon  in  a  vacuum, 
hut  I  he  time  was  not  lipe  for  the  successful  adoption  of 
an  electric  lam|)  using  a  filuinent  of  carbon  in  a  vacuum. 
Two  difficulties  blocked  the  way.  The  first,  to  which  we 
have  already  referred,  was  the  impossibility  of  producing 
economically  electric  currents  of  sulticienl  power  by  means 
of  batteries.  'I'he  second  was  still  more  serious  :  it  was  the 
<Iifficulty  of  producing  a  sufficiently  high  vacuum  in  the 
globe  in  which  Ihe  carbon  is  placed.  For  it  must  be  re- 
membered that  carbon  at  a  red  heat  unites  with  oxygen 
and,  as  we  say,  burns  away.  In  a  lamp  using  glowing 
carbon,  therefore,  it  is  necessary  to  remove  all  the  oxygen 
of  the  air  by  efficient  air  pumps,  otherwise  the  fine  carbon 
nid  or  filament  would  soon  be  consumed.  The  difficulty  of 
doing  (his  with  sufficient  completeness  led  to  exiensivie 
experiments  on  platinum,  iridium,  and  other  metals  ns 
substitutes  for  carbon,  but  all  metals  were  found  to  dis- 
integrate slowly  at  the  high  temperatures  employed,  and 
their  use  had  to  be  abandoned.  At  length,  however,  the 
labours  of  Geisler,  Sprcngel,  Gimingham,  and  others,  and 
es|tedia1Iy  of  Crookes  in  his  "  radi.int  matter  "  exiK-rimcnts, 
resulted  in  the  evolution  of  air  pump.\  so  perfect  thai 
they  only  leave  in  the  receivers  about  one  part  in  even* 
100    millions   of   the   gases    originally  contained    (ItP 
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Simultaneously,  or  ralher  a  little  later,  the  Dynamo  Machine 
was  considerably  improved,  and  then  the  time  was  rii)€  for 
the  development  of  the  alow  lamp. 

Modern  Glow  Lamps. — The  first  successful  glow- 
lamps,  of  the  form  whirii  is  now  so  familiar  to  everyone, 
were  ])roduced  by  the  independent  labours  of  Swan,  Edison, 
l^ne-Fox,  and  Maxim,  during  the  years  1878  to  1880. 
We  do  not  propose  to  enter  into  a  controversy  as  to  who 
was  the  actual  first  inventor  of  a  successful  carbon  filament 
glow  lamp.  For  our  purpose  it  is  suflicicnt  to  note  that 
each  of  the  above-named  inventors,  about  the  same  lime, 
and  working  independently,  produced  a  practicable  and 
Serviceable  lamp.  \\'\\o  was  first  in  point  of  tin»e  is  iiii- 
matt-rial  to  us,  but  wc  may  riniark  in  passing  that  judicial 
decisions  on  the  priority  of  the  jxitents  involved  do  not 
settle  the  real  question,  but  only  the  legal  one. 

Leaving  aside  these  cjuestions,  we  propose  first  to 
describe  the  glow  lanij)  as  it  now  is,  together  with  some  of 
the  accessories  which  either  artistic  or  practical  considera- 
tions have  asscM-iated  with  its  use.  Afterwards  we  shall 
briefly  refer  to  some  of  the  interesting  details  connected 
with  it. 

Edison  and  Swan  Lamps. — The  manufacture  of  glow 
lamps  in  the  United  Kingdom  has  been,  until  quite  recently, 
a  close  mono])nly  in  the  hands  of  the  Kdison  and  Swan 
Ignited  F.lectric  Light  Company,  which  was  originally 
formed  by  the  amalgamation  of  separate  companies  engaged 
in  the  manufacture  of  Edison's  lamps  and  Swan's  lamps 
respectively.  The  latter  companies  were  at  one  time 
engaged  in  litigation  with  regard  to  the  priority  of  their 
resficctive  patents  for  the  construction  of  glow  lamps,  and 
as  it  was  rm]»ossil)le  to  foresee  the  result  of  this  litigation,  it 
was  decided  to  amalgamate  and  thus  save  some  prospective 
heavv  law  exi>cnscs.  The  patents  held  by  the  amalgamated 
proved    sufficiently    strong    to    beat    all    other 
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coinitc-titors  in  the  law  courts  and  establish  the  inonO|>ul]r 
referred  to.  This  monopoly,  however,  has  now  come  to 
an  enfl. 

The  Kdison  and  Swan  standard  form  of  8-  and  i6- 
candle  lamp  is  shown  in  Fig.  237.  It  consists  of  a  glass 
enclosing  globe  through  which  pass  the  jilatinum  wires, 
/>/>,  whose  ends  arc  bent  over  and  again  sealed  into  the  glass 
so  as  to  form  terminal  loops  to  which  the  current-carrying  con- 
ductors can  be  attached.  Wc  may  remark  in  passing  that 
platinum  is,  so  far  as  we  at  present 
know,  the  only  conductor  which  can 
be  passed  through  glass  so  a.s  lo  make 
an  air-tight  joint  This  is  l)ecausc  it  is 
the  only  known  conductor  whose  co- 
etlicienl  of  ex|>ansion  by  heat  is  nearly 
the  same  as  ih.n  <>i  glass.  In  order 
to  jwss  the  metal  through,  the  glass 
has  to  lie  softened  by  heating  it,  ntid 
at  that  temperaliire  any  nielal  could, 
of  course,  he  passed  tliiough,  an<l  the 
contact  of  glass  and  metal  made  air- 
tight. But,  on  cooling  down  to  the 
ordinary  temperature,  if  the  two  do 
not  contract  equally,  either  the  glas& 
will  be  cracked  or  the  metal  l)c  loose  in  the  hole.  Thus 
it  is  necessary  that  the  metal  used  should  have  the  same 
co-efficient  of  thermal  expansion  as  glass,  and  wc  have  a 
most  interesting  illustration  of  the  inexorable  rigoniusnew 
of  Nature's  laws. 

Internally,  the  platinum  wires  end  in  two  little  spirak 
or  cups,  into  which  the  ends  of  a  carefully  pre] wired  carbon 
filament  are  inserted,  and  a  good  electrical  joint  made  willi 
tar-putty  or  in  other  ways.  The  filament  used  is  vciy 
slender,  and  offers  n  high  resistance  lo  the  jias^agc  vt 
carrrnt ;  for  instance,  the  hot  rcsixtnnce  of  ilir  <fi 
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of  a  i6-candlc  power  loo-volt  Inmp  is  :»l)oul  1155  ohms. 
When,  therefore,  a  current  of  sufficient  magnitude,  about 
o'64  ainpcre  in  the  cnse  cited,  is  pnssed  through  the 
filament,  it  is  r.iised  to  incandescence  by  the  heat  generated, 
and  emits  a  perfectly  steady  and 
soft  light. 

One  form  of  holder  used  with 
this  lanij)  is  shown  in  Kig.  238  on  a 
somewhat  larger  scale,  'I'he  body 
of  the  holder  is  of  ebonite  or  hard 
wooiJ,  and  cyn  be  screwed  into 
any  convenient  socket.  'I'he  two 
binding  screws  are  metallically 
connected  to  the  two  little  spiral 
springs  projcclin(j;  downwards  and 
terminating  in  hooks,  which  arc 
to  be  inserted  in  the  platinum 
loops  of  the  lamp.  'I'he  two 
large  loops  of  hard  brass  attached 
to  the  holder  grip  the  glass  globe 
tightly  und  hold  it  ftrmly  in  its 
place. 

The  platinum  loops  repre- 
sented in  Kig.  237,  though  other- 
wise a  good  form  of  terminal,  are 
somewhat  fragile  and  easily 
broken  off  short,  in  which  case 
the  lamp  becomes  useless. 
Other  kinds  of  terminals  have,  therefore,  been  devised, 
though  in  all  cases  it  must  be  remembered  that 
platinum  is  used  to  pass  the  current  through  the  glass. 
Some  of  ihesc  terminals  arc  illustrated  in  Figs.  239  to 
241.  r"ig-  239  shows  two  forms  of  "bottom  loop  cap" 
terminals,  as  Ihey  arc  i-alled.  \n  carlhonwarc  cap  is 
cemented  on  to  the  terminal  end  of  the  lamp  with  plastcr- 


Fig.  738.— tiloit  I.amp  Holder. 
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of-Paris,  and  carries  two  strong  loops  which  are  finnly 
atiached  to  the  platinum  loops  underneath.  In  this  way 
the  terminals  are  protected  against  the  evil  effects  of  vibra- 


Fig.  >39.~ltotloin  Loop  Cap  T«raiiiuU  for  liluw  L<4ihp^. 

tions,  such  as  exist  on  board  steamers  and  in  other  places, 
as  well  as  against  sudden  jars. 

Fig.  i.io  represents  the  cap  originally  invented  hj 
Fldison.  The  platinum  wires  are  attached,  one  to  a  ptAtc 
of  thin  brass  at  the  end  of  the  rap,  and  the  other  to  a  coarse 
screw  of  sheet  brass  surround- 
ing it ;  the  inner  space  and  ihe 
space  between  the  two  pieces 
of  brass  is  filled  with  piaster' 
of- Paris.  The  cap  is  used  with 
a  special  socket,  which  may 
he  described  as  its  reversed 
counterpart.  The  ^  'he 
ra[i  works  into  a  ci"  ,  ing 
screw  in  the  socket  attached  to 
(»nc  of  the  sup|)Jy  wires, 
when  screwe<l  home  the  j)late  at  the  end  of  the  rap  |»rc 
against  a  plate  in  the  socket  attached  to  the  otiicr  si"' 
wire.  In  screwing  these  lamps  home  there  is  »^' 
wrenching  off  the  glass  at  the  neck,  thus  dcstro^ 
The  bcj.1  lomi  of  tcrmtn.l1  ix,  perhaps,  li 


Fig.  >4e.    Kdlton'i  Cap  Termlntl. 
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Fig.  341,  and  known  as  ihe  "  Brass  Collar"  terminal.  The 
neck  of  the  lamp  is  surrounded  by  a  brass  collar,  secured 
and  filled  with  plaster  of- I'aris.  An  end  view  of  the  collar 
is  shown  at  the  side.     The  platinum  leading  in  wires  are 


Fig.  341.  -  BrA>b  Collur  'I'ennilial. 

attached  to  two  plates,  (7  and  fi,  of  stout  brass,  insulated  from 
one  another,  and  the  collar,  by  the  plaster.  There  are  two 
little  studs  on  the  collar,  which  fit  into  a  bayonet  joint  on 
the  holder.  When  ])laced  in  the  holder  the  plates  «  and  l> 
make  contact  with  two  brass  studs  pressed  for- 
ward by  sjirings,  and  each  connected  to  one  of 
the  supply  wires. 

Besides  (he  standard  lamp  of  l-'ij;.  2,57,  the 
Company  manufai. tares  lamps  for  all  purposes 
and  of  all  candle-powers,  from  one  to  one 
thousand.  The  small  candle|)ower  lamps  are 
made  in  many  different  forms  for  various  pur- 
poses. They  may  be  used  for  surgical,  dental, 
and  microscopic  work,  for  placing  in  real  and 
arlifiCLiI  flowers,  headdresses,  jewellery,  miners' 
lamps,  and  so  forth.  .\s  a  rule  they  can  be 
lit  up  with  small  and  not  very  heavy  secondary  or  primary 
batteries.  One  of  these  lamps  for  surgical  and  microscopic 
work  is  hhown  full  size  in  Fig.  2^2.  A  pressure  of  from 
it  volts  is  sufficient  to  make  it  glow,  and  when 
»ccnt  it  gives  a  light  equal  to  that  of  a  single 


Kii;.  <■  -Suwll 
AlUro*toj»e  or 
Surgic.il  Lump. 
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In  glow  lamps  develoiiing  very  high  i-arnllcpowers  the 
Edison  and  Swan  Company  places  several  \o\\g  high  rcsisl- 

aiice  filanienls  in 
parallel  with  one 
another,  so  that 
the  current  divides 
amongst  them.  In 
this  way  a  much 
larger  radiating  or 
light  emitting  sur- 
face is  obtained 
tlian  would  be  given 
if  the  filaments  were 
reijlaced  by  a  much 
thicker  one,  capable 
of  carrying  the  tut<-)l 
current.  For  in- 
stance, in  the  500 
candle-power  lamp, 
shown  about  one 
quarter  of  its  full 
size  in  Fig.  »43, 
there  are  five  such 
long  filaments.  One 
end  of  each  filament 
is  attached  to  one 
of  two  nipper  ringsi, 
which  are  connected 
by  stout  conducttiis 
to  the  Icading-in 
wires.  Kach  of  tlie 
latter  consists  of  a  bundle  of  fme  platuumi  wires,  and  the 
outaide  terminals  are  correspondingly  massive  'riif  I.iiiu\ 
is  Mirrounded  by  a  network  of  fine  vire,  1 
the  risk  uf  accidents  from  lallint;  gloss, 


Hg.  .'43.  — jOO  Ctulle-Power  Glow   Lalijp. 
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happen  to  get  hruken  while  in  use.  The  lamp  shown  takes 
a  current  of  i8'8  amjieres  at  loo  volts,  ami,  llicreforc,  has 
an  effective  resistance  of  5 "3  ohms,  or  j6's  ohms  per  fila- 
ment, whilst  it  absorbs  1,880  watts,  or  2 '5  horse-power. 
With  this  large  alisorption  of  energy,  as  may  easily  be 
imagined,  the  lamp  gets  very  hot. 

In  conclusion,  there  is  a  simple  meiiiocl  by  which  the 
light  of  a  glow  lamp  thrown  in  a  particular  direction  can  be 
much  increased.  This 
is  accomplished  by 
silvering,  as  in  or- 
dinary mirrors,  one 
half  of  the  bulb.  Of 
course,  the  light  in 
one  direction  is  quite 
siop|>ed,  but  in  some 
positions  this  is  im- 
material, and  the  in- 
crease of  the  light 
in  the  other  direction 
is  very  marked,  'i'he 
same  elTecl  can  be 
produced  by  attach- 
ing a  suitably-shaped 
metallic  mirror  to  one 
side  of  the  lamp,  and  this  method  has  the  advantage  that 
the  same  mirror  can  be  used  for  successive  lann)s. 

Physics  of  the  Glow  Lamp,  'l  here  are  several  most 
interesting  physical  phi-tiouiena  connected  with  the  glow 
lamp,  which  we  regret  we  have  not  space  to  describe  fully. 
In  the  first  place,  the  glow  lamp  is  a  more  or  less  perfect 
vacuum  tube,  and  the  various  phenomena  of  electrical 
discharges  in  higli  vacua  can  be  observed  in  lamps  ol 
difTerent  degrees  of  e.^haustion. 

Then  there   is   a   most   curious   effect    known   as   the 


I'  ig.  J44.  — Conrtexiona  lor  Showing  ttic  Edison 
Effect, 
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"Edison"  effecl,  first  obsen-ed  by  Mr.  lidison  in  1884, 
and  more  recently  (1890)  exaniitiLii  hy  Dr.  Fleming. 
.\  metal  (ilalc,  M  (Fig.  244),  supported  by  a  platinum 
wilt:,  scaled  through  ihc  bulb,  is  placed  between  the 
two  legs  of  the  filament  of  a  glow  lamp,  so  as  to  form 
a  kind  of  screen  between  them  ;  it  does  not,  how- 
ever, touch  either  leg,  but  is  well  insulated  from  both. 
Let  now  a  continuous  steady  current  be  sent  through 
the  lamp  from  the  right  to  the  left  hand  terminal,  and  lei 
the  positive  or  right  hand  terminal  be  connected,  as  shown, 
through  a  sensitive  galvanometer  to  the  wire  supporting  Uie 
metal  plate.  The  galvanometer  will  be  found  to  show  a 
steady  current  of  several  milliampcres,'  flowing  in  the 
direction  indicated  by  the  arrows.  This,  in  itself  a  niost 
curious  result,  becomes  still  more  curious  when  we  find 
that  on  moving  the  galvanometer  wire  from  the  positive  to 
the  negative  terminal  all  indications  of  current  cease.  How 
is  the  phenomenon  to  be  explained  ?  In  some  way  ihc 
current  in  the  first  experiment  must  cross  the  gap  beiwctn 
the  metal  [>lale  and  the  negative  terminal,  and  Dr.  T'lenung, 
by  using  ingeniously  placed  .screens  of  glass  and  mica,  has 
shown  that  there  is  a  continuous  molecular  stream  of 
negatively  charged  {articles  shot  off  from  the  negative  side 
of  the  filament  ag.tinst  the  |ilate. 

That  particles  of  carbon  are  torn  off  from  the  filament  is 
evident  from  the  fact  that  the  filament  gradually  wastes 
away,  usually  most  (|uickly  at  some  spot  where  presumably 
there  is  some  minute  defect,  And  even  in  lumps  which 
have  not  "  burnt  out, '  there  is  after  long  use  a  distinct 
darkenmg  of  the  bulb,  due  to  deposition  of  carbon  [Kirticles. 
When  the  filament  finally  breaks  at  some  point,  such  as  a 
(Fig.  245),  very  rjpid  di-i  '       ':c 

actual  rupture,  the  bulb  ,  >• 

Moreover,  it  is  curiaus  to  note  tliat  the  dutintegr^tcd  molc- 
'  One  nrilUam{x  '  H  r 
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culcs  Iravcl  in  straight  lines,  as  shown  by  the  opposite  leg 
of  the  filament  casting  a  well-defined  "  molecular  shadow  " 
on  the  glass  at  hb^  direitly  behind  the  unbroken  leg,  where 
there  is  a  clear  strip  on  which  carbon  is  not  deposited  to 
nearly  the  same  extent  as  in  the  immediate  neighbourhood. 
Light  of  the  Fire  Fly. ^A  curious  investigation  was 
recently  undertaken  by  Professor  S,  P.  Langley  for  the 
purpose  of  comparing  the  efficiency,  as  we  may  call  it,  of  the 
light  emitted  by  the  fire-fly, 
with  that  obtained  from 
other  natural  and  artificial 
sources  of  illumination. 
By  the  efficiency,  we  mean 
the  ratio  of  the  energy  of 
the  radiations  which  pro- 
duce luminosity,  tn  the  total 
energy  radiated  by  the 
luminous  source.  The  re 
suit  is  very  interesting.  It 
is  well  known  that  tht: 
radiations  which  constitute 
light  lie  l)etween  certain 
narrow  limits  of  wave 
length,  and  thai  they  arc 
usually  accompanied  by 
similar  radiations  outside 
those  limits,  which  arc 
unable  to  excite  our  sense 
by  far  the  greatest  part  of  the  energy  of  the  waves 
consists  of  this  non  luminous  energy.  Professor  (.anglcy, 
however,  finds  that  in  the  case  of  the  fire-fly,  practically  the 
whole  of  the  radiations  lie  within  the  limits  of  the  visible 
s)>ecirum.  Krom  his  numerous  results  we  select  the  two 
curves  given  in  Figs.  2  40  and  247.  In  these  curves  the 
horieontal  distances  represent  wave-lengths  in  thousandths 
□  o 
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of  millinielres,  and  ihe  vertical  flislanres  represent  the 
energy  of  the  corresponding  radiations.  The  limits  of  the 
visible  spectrum  are  shown  by  dotted  vertical  lines,  and  the 
proportion  of  the  area  of  the  curve  between  these  limits  to 
the  total  area  represents  the  above  efficiency.    The  curves  arc 
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drawn  to  have  the  same  total  area.  In  the  first  curve, 
whiih  represents  the  s]K'ctrum  of  a  pas  flame,  only  one  four 
himdiedth  part  of  the  Inl.tl  energy  lies  within  the  luminous 
limits.  l-'(ir  purposes  of  illuiniiiation  the  other  399  |>.irts 
are  absolutely  useless.     But  in  Ihe  case  of  the  fire  fly  all  the 


loo-i 
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radiations  jwoduce  light,  and  the  efficiency  is  100  per  cent. 
In  fart,  the  rurvc  cannot  be  completed  on  the  scale  of  the 
jras-ll.ime  figure,  which  is  the  scale  adopted,  as  th»' 
dist-inces  would  exceed  ihe  limits  of  the  |«ipii 
<if  the  curve  is  ii,7oo  divisions  of  Ihe  vertical. f 
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if  we  could  produce  ihe  light  of  the  fiie-dy  on  a  large  scale, 
it  would  be  by  far  the  most  etifii'ient  lurui  of  light.  F'rofessor 
Langley  considers  that  such  production  is  not  impossible,  as 
\  ital  processes  do  not  seem  to  be  essential  to  it. 


Arc  L\mps. 

Historical.— The  first  to  utilise  the  light  from  a  succes- 
sion of  electric  s|>arks  for  the  puqwse  of  producing  an 
illumination  which  might  be  of  prjctical  use,  was  Sir 
Iluinphr)'  Davy,  who,  in  1810,  exhibited  the  "arc"  light, 
as  he  called  it,  at  the  Royal  Institution.  The  origin  of  the 
word  "arc,"'  now  so  widely  used  to  designate  this  kind  of 
light,  is  curious  and  interesting.  'I'he  i)oinls  between  which 
Davy  passed  the  sparks  were  in  a  horizontal  line ;  the  air 
between  these  points,  being  heated,  ascended,  .and  in  doing 
so  caused,  between  the  points,  an  upward  current,  which 
blew  the  sparks  into  the  form  of  an  "  arch."  This  suggested 
the  name  given  to  the  light  by  Davy ;  but  nowadays,  when 
the  separated  points  are  usually  in  a  vertical  line,  the  "arc" 
form  is  seldom  seen.  To  produce  his  arc  light  on  the  above 
occasion,  Davy  used  a  battery  of  a, 000  celLs,  for  he  found 
that  without  this  Large  number  of  the  primitive  cells  then 
available  he  could  not  maintain  his  light.  It  is,  therefore, 
not  surprising  th.it  for  many  years  Davy's  experiment  was 
only  reproduced  in  the  laboratory  or  lecture  room,  and 
it  was  not  until  a  less  cumbrous  means  of  producing  the 
electric  current  h.id  been  provided  by  the  invention  of 
Grove's  and  Uun.sen's  cells,  that  inventors  began  to  turn 
their  .Tttcntion  to  improving  the  details  necess.ary  for  the 
production  of  a  steady  light 

In  1844  I.con  Koucault  exhibited  a  lamp  in  Paris,  in 
which  the  positi         "  *  ns  was  adjusted  by  hand  ;  but 

the   firs!  arc  lamp  wrus  Thomas 

\\t\f\  IS  shortly  followed  by 

W   1  genious  forms  of  arc 
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lamps,  some  of  them  embodying  important  details,  which 
have  been  le-invented  during  the  last  few  years.  In  the 
next  ten  or  twelve  years  many  good  lamps  were  produced 
by  Archereau,  Serrin,  Poucault,  Gaiffe,  and  others.  All 
these,  however,  were  necessarily  supplied  with  current  from 

primary  batteries,  and  this 
method  of  generating  electric 
energy  was  still  too  costly  for 
the  arc  light  to  come  into 
extensive  use.  But  with  the 
improvement  of  the  dynamo 
m.ichine  the  subject  again  at- 
tra<  tetl  the  attention  of  inven- 
tors with  better  practical  sue 
1  CSS.  Hcfore,  however,  describ- 
ing a  few  ty]iical  modern  forms 
iifari-  lamps,  it  would  be  well  to 
put  before  our  readers  a  briel 
summary  of  the  electrical  and 
other  conditions  that  must  be 
fulfilled  in  order  to  procure  a 
steady  light.  That  these-  may 
l)e  clearly  followed  we  must 
first  describe  the  arc  itself,  as 
it  is  now  usii.iUy  formed  be- 
tween carbon  points. 
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The    Electric    Arc.  — 

The  ai)pcaranct  presented  by 
the  carbon  points  of  an  arc  light  fed  by  a  continuous  cur- 
rent is  shown  in  Fig.  24.S,  which  is  a  magnified  picture  of  the 
carbons  after  the  light  has  been  burning  some  time.  'Itic 
up|H-r  c:(irbon  is  the  po.siiivc,  and  the  lower  the  negative, 
'llic  extremity  of  the  former  is  •  «he  sb«| 

of   a    I  I. ill  (      itiil   pmii>i   yn   int<  m    t^ 
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crater  the  greater  and  certainly  the  most  brilliant  portion  of 
the  light  proceeds.  'I'he  negative  carbon  wears  away  to  a 
point,  and  is  not  nearly  so  luminous  as  the  positive,  though 
it  emits  a  fair  quantity  of  light.  The  little  nodules,  ggy 
seen  on  the  cooler  |)arts  of  the  carbons  are  jirobably  due  to 
metallic  imjiurities.  The  presence  of  these  impurities  causes 
the  light  to  flicker.  Both  carbons  consume  slowly  away,  but 
the  iKJsilive  at  about  double  the  rale  of  the  negative.  The 
appearance  depicted  in  Kig.  248  is  that  of  the  carbons  in  an 
ordinary  arc  lamp  using  a  continuous  current  at  a  pressure 
of  about  fifty  volts.  When,  however,  the  arc  is  formed 
between  two  points,  subjected  to  a  high  alternate  potential 
difference,  it  ()resents  a  very  different  appearan<:e.  In  some 
exjK'riments  made  by  Messrs.  Siemens  and  Ilalske,  an 
alternate  P.O.  of  about  20,000  volts  was  used,  The  re- 
sulting arc  IS  shown  halfsi/.e  in  Fig.  249.  The  electrodes 
were  about  an  inch  apart,  and  the  arc  formed  made  a  loud 
"humming  and  clapping  noise,  and  flapped  nhout,  being 
easily  carried  away  by  the  slightest  draught."  In  all  cases, 
instead  of  filling  the  sjjace  between  the  electrodes,  it  stood 
up  as  shown,  thus  resembling  Davy's  original  "arch." 

The  api)earance  and  the  behaviour  of  the  ordinary 
"arc"  l)eing  as  fir.st  described,  let  us  consider  a  little 
more  closely  how  it  is  produced. 

Primarily  we  have  on  the  one  hand  a  source  of  electric 
current  energy,  and  on  the  other  a  piece  of  ajiparatus  for 
converting  that  energy  into  light  and  heat.  Assuming  that 
the  first  is  so  regulated  that  it  will  supply  the  energy  at  a 
constant  rale  under  varying  conditions,  it  is  the  function  of 
the  latter  to  so  convert  it  into  light  and  heat  that  the 
intensity  of  the  former  does  not  vary.  Now  the  light 
and  heat  evolved  are  due  to  the  continuous  passage  of 
the  electric  sparks  between  two  points,  separated  by  a 
dielectric.  This  passage  of  the  sp;irk  is  ,ic<oinpanied  by  the 
u'ciicr.ition  of  .1  large  amount  of  heat  c<iiii:cntrated  in  a  small 
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space,  and  consequently  ihe  ]K)inls  between  which  the  sparks 
pass  are  quickly  raised  to  a  high  temperature— so  highinileed 
I  hat  the  most  refractory  metals  are  fused.      Metallic  points, 


Its-  *49-— Alternate  Current  »,cao  Vuli  Arc. 

ihcrcforc,  cannot  lie  used,  nnd  yet  the  material  emphjyed 
nui*t  be  capable  of  conduriing  the  electric  run- 
points.     Fortunately,  carbon   lullils  rounl    but   ni 
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condjtjonb.  It  is  a  conductor,  and  may  be  brought  to  an 
intense  white  heat  without  fusion.  Its  chief  dnwhack  is  its 
property  of  contbining  with  oxygen  at  ujoderaicly  high 
temperatures ;  but  by  selecting  very  hard  forms  of  carbon 
the  rate  of  combination  can  be  made  very  slow.  Moreover, 
it  is  very  f)robable  thil  at  the  l.-in|)eralure  acliuiUy  attained 
carbon  and  oxygen  do  not  combine,  or,  in  tlic  language  of 
the  chemist,  the  tem|H.'rature  is  above  the  dissociation 
jKiint  of  carbon  monoxide.  If  this  be  really  the  case,  the 
carbon  volatilises  slowly  at  the  points,  combining  with  oxygen 
only  when  it  reaches  the  cooler  jxirts  in  the  neighbourhood 
of  the  arc.  Whatever  the  explanation  may  be,  it  is  certain 
that  suitable  carbon  points  only  consume  slowly. 

Now,  any  alteration  of  the  distance  between  the  carbon 
points,  or  the  length  of  the  arc,  as  it  is  called,  will  obviously 
alter  cither  the  potential  difference  required  to  produce  the 
same  current  (or  succession  of  sparks),  or  the  current  due 
to  the  same  polenliai  difference.  To  keep  the  light  sternly 
it  is  therefore  obvious  that  arrangements  must  be  made  for 
fttding  forward  one  or  both  carbons  at  exactly  the  rate  at 
which  they  are  being  consumed.  If  the  rate  of  consumption 
were  perfectly  uniform,  this  could  be  done  by  [)ri)perly 
designed  clockwork  ;  but  practically  it  is  found  that  whatever 
njay  be  the  motive  power  used,  the  conlrot  of  the  feeding 
mechanism  must  be  electrically  governed,  in  ways  to  be 
presently  cxpl.iined,  by  the  varying  electrical  conditions  in 
the  arc  itself.  Another  condition  is  the  use  of  good,  pure, 
and  homogeneous  carbons :  without  these  no  ctmtrolling 
mechanism  can  be  trusted  to  give  a  steady  light ;  but  as  the 
manufacture  of  arc-light  carbons  is  now  a  welldevelo|icd 
indu.stry  there  is  no  difficulty  in  procuring  suitable  ones. 

One  other  requisite  of  an  arc  lamji  must  be  noticed. 
Experiment  shows  that  with  the  potential  <liflerences  usually 
cmpliiyed  (about  fifty  volls),  however  close  the  carbons  are 
brought  together  before  the  current  is  established,  the  spark 
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cannol  leap  across  ihe  gap  of  cold  air.  It  is  therefore  neces- 
sary to  first  establish  the  current  by  bringing  the  larlions 
into  contact ;  if  they  arc  then  se])arated  a  little,  the  s|»ark 
due  to  the  breaking  of  the  circuit  leaps  across  the  gap,  and 
is  followed  by  other  sparks  in  rapid  succession  tlirough  the 
now  healed  air.  Thus  the  mechanism  of  an  arc  lamp  must 
include  an  arranycmenl  by  which  the  carbons  are  brought 
into  contact,  and  then  drawn  a  slight  distance  apart  as  soon 
as  the  current  passes.  This  is  technically  known  as  the 
"j/rj'XvV/.i,'"  mechanism,  from  the  phra.se  "striking  the  arc,"' 
and  should  obviously  be  electro-magnetic,  and  actuated  by 
the  current  [>assing  through  the  carbons. 

Thus  we  see  that  the  constituents  of  a  good  arc  lain(i 
are  good  homogeneous  carbons,  good  striking  mechanism, 
and  a  perfect  feed.  Other  accessories  are  ollcn  added, 
such  as  focussing  arrangetnenls  for  search  lights,  change- 
over mechanism  in  double-carbon  lainps,  and  cut-outs, 
which,  if  an  accident  happens  to  the  lamp,  automatically 
remove  it  from  the  circuit  without  internii)ting  the  current. 

The  fundamental  conditions  to  be  fulfilled  being  so 
simple  have  ulcered  an  almost  Ixjundlcss  field  to  inventors, 
who  have  utilised  it  to  the  full  ;  for  Ui  produce  a  workal>le 
arc  lamp  requires  little  or  no  originality,  and  calls  for  the 
dis[>lay  of  only  a  moderate  amount  of  mechanical  skill. 
The  conse<|uence  is  that,  for  many  years,  the  Patent 
Office  has  been  inundated  with  arc-lamp  patents,  many  of 
which  have  never  come  into  practical  use.  A  lecturer,' 
who  has  recently  had  the  patience  to  examine  most  of  these, 
divides  the  feeding  mechanisms  alone  into  thirteen  classes, 
containing  altogetiicr  fifty-seven  varieties  I  We  do  not 
]>ro|>ose  to  inflict  upon  our  readers  a  minute  description  of 
even  typical  examples  of  these  various  classes :  full  details 
can  be  found  in  the  paper  referred  to  and  elsewhere.     For 
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puqiost:  we  shall  select  two  or  three  lamps  interesting 
"eiUier  from  an  historical  point  of  view,  or  because  they 
have  emerged  successfully  from  the  struggle  for  the  "survival 
of  the  fittest." 

One  of  tije  most  in- 
teresting of  historical 
laiup'^  is  the  Foucault- 
Duboscq.  shown  in  i-'ig. 
J50.  Originally  designed 
by  Dubosc(|  for  use  with 
primary  batteries,  it  was 
i|uickly  improved  by  the 
inventor  with  the  hel|)  of 
Fourault,  and  for  many 
years  either  it  or  the  Serrin 
lamp  was  used  for  most 
laboratory  and  lecture  pur- 
poses. Under  (he  special 
conditions  of  supply  for 
which  it  was  designed  — 
namely,  as  a  single  lamp 
worked  by  a  battery  — it 
is  a  remarkably  steady  and 
reliable  lamp.  'I'he  car- 
bons, held  in  suitable  clips, 
designed  to  admit  of  ad- 
justment, are  mechanically 
attached  to  two  long  racks 
which  are  moved  up  and 
down  by  means  of  toothed 
wheels.  The  rack,  I),  f<ir 
the  lower  carbon  is  directly 
below  it,  whilst  that  for 
the  upper  carbon  slides  .^^^ 
in  a  tube,  H,  at  the  side.        ^v- 
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Conirnry  lo  ilie  more  inudeni  custom,  llic  lower  i-arbon  in 
this  lamp  is  the  positive  carbon.  The  toothed  wheels,  I.', 
actuating  both  racks,  ate  on  the  same  axis  and  move  at  the 
same  lime;  tiie  larger  wheel  drives  the  positive  raek,  1>,  at 
just  double  the  rate  in  the  opposite  direction  to  that  in  which 
the  smaller  wheel  moves  the  negative  rack.  .As  the  positive 
carbon  burns  away  at  about  double  the  rate  of  the  negative 
one,  this  arrangement  ensures  that  the  position  of  the  arc 
itself  shall  be  approximately  the  same  as  the  carlnjns  burn 
away.  Within  the  barrel,  L',  is  a  spring  so  coiled  that  it 
tends  to  bring  the  carbons  together.  'I'here  is,  however,  a 
third  toothed  wheel  on  tiie  axis  of  I.'  which  is  geared 
through  intermediate  wheels  to  an  epicyclic  gearing  at  s. 
This  ejiicjclic  gearing  is  controlled  by  a  double  train  of 
wheels,  each  endmg  in  a  star-wheel  at  0  and  0  res|icctively. 
These  star-wheels  are  controlled  by  a  detent,  /,  on  the  end 
of  the  lever,  T,  so  jilnced  that  when  the  lever  is  in  the 
central  position  the  detent,  /,  locks  both  star-wheels,  and  no 
|>art  of  the  clot  kwork  can  ntove.  If,  however,  the  lever,  T, 
moves  to  the  right  it  releases  the  star-wheel,  O,  whilst  still 
holding  fiist  the  wheel,  p.  In  this  case,  the  left  hand 
train  of  wheels  is  free  to  move,  allowing  the  spring  in  I.'  to 
feed  the  carbons  forward.  On  the  other  hand,  if  the  lever 
'1'  moves  lo  the  left  it  locks  O  and  rele.ises  c  In  this  case 
the  right-hand  train  of  wheels,  which  is  driven  by  a  very- 
powerful  spring  in  the  barrel,  L,  moves  and  allows  the  latter 
spring  III  draw  the  carl>ons  apart  against  the  resistance  of 
the  weaker  spring  in  I.'. 

The    position   of  the   lever,  T,    therefore,   determines 
whether  the  carbons  shall  bo  drawn  apart,  held  sutionary, 
or  brought  nearer  together.     The  lever  itself  is  one  ann   r>f 
u    bent   lever,  whose  oilier   arms   are   V  and    I'.      F   i 
aruuiture  of  an  eleclro-magncl,  K,  thr  •"■i-  "1...1.  iii-  .f 
passes  licfore  rcathing  the  positive  ■ 
powerful  spiral  siiring,  R,  act.n  again 
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uleclro-niagncl,  aud  the  positiun  of  T  depends  upon  whith 
of  these  forces  has  the  greater  effect.  When  no  tiirrent  is 
passing  through  the  lamp,  K  jiulls  T  over  to  the  right,  and 
the  spring  L'  moves  the  carbons  together  till  they  touch. 
If  now  the  battery  be  thrown  into  circuit  a  large  current 
jiasses  through  IC  and  the  short-circuited  carbons,  causing 
K  to  be  attracted,  T  to  be  moved  over  to  tlie  kfi,  .nnd  the 
S[)ring  L  to  draw  the  carbons  apart,  thus  striking  the  arc. 
The  se(>aration  of  the  carbons  causes  the  current  to 
diminish,  and  for  a  time  the  aiiraciion  of  F  is  balanced  by 
the  pull  of  R,^and  T  stands  in  the  central  position,  locking 
both  trains  of  clockwork.  But  as  the  carbons  l)urn  away 
the  resistance  of  the  arc  increases  and  the  current  dimin- 
ishes ;  the  atlraction  of  F  is  therefore  weakened  and  'I' 
is  dragged  over  to  the  right,  allowing  L'  to  feed  the  carbons 
forward  a  little  bit.  .'\s  they  move  nearer  together  the 
current  again  increases,  and  T  is  dragged  back  to  the 
central  position,  again  locking  both  trains.  These  actions 
are  continually  re{.H;ated,  and  thus  the  distance  of  the 
carbons  apart  is  maintained  constant  within  narrow  limits 
until  they  are  consumed. 

With  fifty  Groves'  iir  liunsen's  cells  this  lamp  gives  a 
steady  and  reliable  light,  but  such  a  battery  is  obviously 
both  troublesome  and  exjiensive  to  work. 

In  these  days,  when  dynamo  currents  are  usually  avail- 
able, the  Foucault-I)ubosc<i  and  Serrin  lamps  are  chiefly  of 
historical  interest,  though  they  can  still  be  used  where  only 
a  single  lamp  is  required.  Another  variety  of  ate  lamp, 
remarkable  for  its  simplicity,  is,  at  the  present  time,  still 
more  completely  liistori(al,  though  more  recently  developed. 
This  is  the  so-called  Electric  Candle,  invented  by  Paul 
JabUH-hkofT  in  1876.  The  tandle  consists  of  two  carbon 
f>encils,  a  and  h  (Kig.  251),  from  one-fourth  to  one-eighth 
of  an  inch  in  diameter,  and  separated  throughout  their 
length    by   an   msulating  and   refractory  substance,  usually 
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consisting  of  equal  parts  of  plaster  of  Paris  and  heavy  spar 
The  pencils  are  fixed  in  suitable  holders,  e  ant!  g,  which  are 
connected  to  terminals  through  which  the  ret|uisitc  current 
is  supplied.  To  start  the  arc  a  small  piece  of  j;ra[>hite  or 
other  suitalilc  material,  <■,  is  laid  across  the  lips  of  the 
l>encils  at  the  top  end,  and  is  held  in  position  by  a  band  of 

|>aper  or  asbestos,  if. 
When  the  current  is  first 
turned  on  this  connecting 
piece  soon  disappears,  and 
the  arc  is  left  ])laying 
l)tlween  the  carbon  points. 
The  insulating  material 
hciwcen  the  jxinrils  burns 
:iway,  or,  rather,  vola- 
tilises, at  the  .same  r.ite  as 
I  lie  <  arbons,  and  thus  the 
candle  is  gradually  con 
bumcd.  Keiause  ol  the 
difference  in  the  rale  of 
burning  of  ihe  positive 
nnd  negative  carlwns  in 
the  ordinary  arc,  the 
Jal)lo<:hkotr  candle  has 
to  be  supplied  with  altern 
ate  currents,  so  that  each 
Th0.bio.hko(rcAr>.ik.  l«-'"cil.  being  alternately 
positive  and  negative,  shall 
bum  away  at  the  same  rate.  All  attcmjits  to  devise  candles 
to  be  fed  with  continuous  currents  have  failed. 

Wilde,  Jamin,  and  others  have  also  designed  arc  lamps 
oa  the  fkttric  cttiid/f  jirtnciplc,  but  hitherto  these  have  not 
proved  cither  as  economical  or  a.s  steady  as  a  well-teguluied 
modern  arc  lamp.  We  Uierefore  pass  at  oocc  to  Ihe 
dcscrii>tion  of  a  typiud  form  of  (lie  latter, 
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One  of  thf  most  widely  used  arc  lamps  is  thai  manu- 
factured by  the  Brush  Electrical  Engineering  Company. 
Originally  designed  liy  Mr.  C.  F.  Brush,  of  Cleveland,  it  has 
been  from  lime  to  time  improved  in  small  details,  and  is 
now  a  remarkably  steady  lamp.  The  working  parts  of  the 
most  recent  furm,  as  used  in  Engbnd,  are  shown  in  Figs. 
252  to  254.      Fig.  252  is  a  perspective  view,  with  the  front 

cover  and  one  of 
the  large  solenoids 
removed,  the 
better  10  show  the 
mechanism,  other 
details  of  whicli 
can  he  seen  in 
Fig.  253,  which 
shows  the  l.imp  as 
seen  from  the 
back,  and  Fig.  254, 
which  is  a  side 
section  through 
one  of  the  carbon 
rods.  As  in  the 
majority  of  mod- 
em arc  lam|)!s 
the  driving  force 
which  tends  to 
bring  the  carbons  together,  is  the  weight  of  the  )ipi)cr 
carbon  and  its  holder.  Thus,  when  no  current  is  passing 
through  the  lamp  the  carbons  run  together  and  rest 
agamst  one  another.  On  the  current  jiassing.  cither  one  or 
Iwlh  carbons  are  drawn  ajxarl  by  the  .vtion  of  an  clcctro- 
nwgnet,  and  then  as  the  carbons  burn  away  they  are  auio- 
matically  allowed  to  approach  slowly,  under  I'l-  >.  tio"  >>f 
some  form  of  electro-magnetic  control. 

The  varinux  lamjw  differ  from  one  anoihcr  thicfly  in 
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the  way  in  which  the  movemeiUs  of  the  armatures  of  the 
clcclro  magnets  arc  transmitted  tu  antl  affect  the  carbon 
holders.  The  Brush  lani|j  is  what  is  known  as  a  "  clutch  "' 
lamp — that  is,  the  eleclromagiiets  act  on  the  carbon  rods 
through  the  medium  of  a  clutch.  This  clutch  is  shown 
separately  in  the  lower  part  of  Fig.  252.  It  is  remarkahly 
simple  and  consists  merely  of  a  flat  ring,  or  washer,  as  it  is 
called,  which  sur- 
rounds the  brass 
rod  which  carries 
the  carbon,  and 
when  lying  Hal  on 
the  base  plate  of 
the  lamp  allows 
the  rod  to  slip 
through  quite  eas- 
ily. The  lamp  we 
arc  describing  is  a 
"  double  carbon  ' 
lamp,  and  there- 
fore, in  Fig.  252, 
two  rods  are 
shown,  each  sur- 
roimded  by  a 
washer.  These 
washers  can  be 
tilted  by  the  rcrt.ingularshaped  piece  of  brass  which  lies 
between  them,  an<l  which  has  projections  which  pass  a 
little  way  under  the  washt-rs.  On  being  tilted,  the  washers 
grip  the  rods  firmly,  and  when  further  raised  bodily  lift 
them  up.  It  will  be  noticed  that  the  projection  on  the 
right-hand  side  is  thicker  than  that  on  the  left,  and 
therefore  the  right  hand  washer  is  tilled  first,  when  the 
rectangle  is  raised  by  the  electro-magnet.  The  effect 
of   this    is    to    SI  p.irali-    the    larbons    on    the    right-hand 
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side   first,    in   whiili    case   no  are  is  struck    on   that  siile, 
as  the  circuit  is  not  broken,  being  still  completed  through  I 
the  other  carbons.     Immediately  afterwards  the  carbons  on 
the  left  are  separated  and  the  are  is  struck. 

The  rectangular  cross-piece  is  connected  by  levers, 
which  can  be  traced  in  the  figures,  with  the  armature  B 
(Fig.  254)  of  the  large  electromagnets  at  the  front  of  the 
lafii]) ;  \\  is  att,iclu-d  crosswise  to  the  movable  cores  of  the 
solenoids,  and  the  weight  of  these  cores  and  the  armature 
is  chiefly  borne  by  the  spring  C.  The  solenoids  are  wound 
with  two  rin  uits,  one  of  thick  wire,  which  is  placed  in  series 
with  the  carbons,  and  the  other  of  fine  wire,  j)laced  as  a 
shunt  across  the  carbons.  The  currents  circulate  in  opposite 
directions  in  these  two  circuits,  so  that  their  magnetic  effeds 
tend  to  neutralise  each  other.  'i'hc  |)articular  kind  of 
electro-magnet  used  has  been  .nlre.idy  described  Ip.tgc  ift;). 

When  the  current  is  first  turned  on,  the  carbons  are 
touching  one  another,  and  there  can  be  very  little  P.D. 
between  them.  Thus,  a  full  lurrent  Hows  Ihrmigh  the  thick 
wire  circuit  and  practically  none  through  the  thin.  The 
effect  of  this  is  to  draw  up  the  armature  and  strike  the 
arc  between  one  pair  of  carbons  in  the  manner  alreaily 
explained. 

Rut  as  soon  as  the  arc  is  struck  there  is  a  considerabltr 
P.D.  set  up  between  the  carbons,  and  an  appreciable  current 
flows  through  the    thin  wire  circuit,   weakening    the    ptiU 
on  the  armature  and  lowering  it.     As  the  arc  lengthens,  the 
current   in   the  thin   wire   circuit  gets  greater   and    greater, 
until  the  armature  is  so  far  lowered  that  the  washer  nllows 
the  rod  to  slip  through  a  little  and  bring  the  carbons  m-arer 
together.     As  soon  n.s  this  hajipens  the  current  diminishes 
in  the  shunt  cit<:uit,   the  armature  is  lifted,  and  the  washer 
again  grips  the  lod  fiiinly.      Th.  >^.  .......  ..„ni<  ,ii,  fnife,  and 

the  carbon,  as  it  burns  away,  1  ics  of 

almntt  impcrcqjlible  jcrJ  »ctton  "tUsh- 
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I>ots,"  which  can  be  seen  at  A  in  Fig.  254,  arc  fixed  both  to 
the  upper  ends  of  the  carbon  rods  and  also  to  the  armature, 
B.  These  "  dash-pots  "  consist  of  <yhnders  filled  with  oil, 
glycerine,  or  water,  and  having  pistons  attached  to  fixed 
rods  fitting  loosely  in  theni.  The  friction  of  the  lii|uid 
as  it  passes  the  piston  thus  tends  to  retard  any  sudden 
movement  of  the  cylinder. 

When  the  carbons  on  the  left  have  nearly  burnt  out,  the 
further  "  feed  "  is  arrested  by  a  stop,  and  the  arc  then  soon 
goes" out.  As  soon  as  this  happens,  the  carbons  on  the  right, 
which  have  been  held  apart  all  the  while,  nm  together,  and 
then    the  arc    is  t — ■ 

struck     on     that  fWIWlSmilir'h 

side  and  con- 
tinues to  burn 
until  they  also  .ire 
consumed.  In  this 
way  the  lamp  will 
burn  about  six- 
teen hours  with- 
out the  carbons 
being  renewed. 

Instead  of  de- 
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scribing  the  particular  circuits  of  the  Brush  lamp  wc  sh.iil 
give  a  general  diagram,  applicable  to  all  arc  lamps,  which 
at«  to  Ik-  run  in  "series"  with  other  lamps,  in  a  circuit 
in  which  the  current  is  always  the  same,  however  many 
lamps  are  burning.  'I'he  necessary  connections  of  the  circuits 
for  such  lamps  are  shown  in  Fig.  255,  which  is  due  to  Dr. 
S.  P.  Thompson.  The  current,  entering  at  the  terminal 
marked  +,  divides  into  two  parts  ;  one  part  iiasscs  through 
tiie  fine,  wire  coil  of  an  electro-magnet  marked  "feed,"  and 
the  other  through  a  thick  wire  coil  of  an  electro-magnet 
marked  "  strike,"  and  then  through  the  arc.  Both  currents 
re-unite  at  the  negative  terminal  {— ).    The  two  coils  may 
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either  be  wound  "dinerciitially  "  on  the  same  elei  lro-inat»nct 
as  in  the  Brush  lamji  just  described,  or  they  may  actuate 
entirely  distinct  magnets,  one  of  which  is  reserved  for 
"striking,"  and  the  other  for  "  feeding"  puri)Oses. 

The  other  circuits  shown  in  the  upjier  part  of  the  iigure 
belong  to  the  "  automalii- cut-out,"  the  object  of  wliich  is 
to  provide  a  path  for  the  current  past  the  lamp,  in  the  event 
of  anything  happening  to  the  working  parts  which  would 
otherwise  stop  the  current.  It  consists  of  a  fine  wire  high- 
resistance  electro-magnet,  always  in  c  ircuit,  with  the  current 
at  one  [xiint  passing  through  a  movable  armature,  a.  Jf 
the  main  current  through  the  carbons  be  interrupted,  the 
current  in  this  fine  wire  circuit  at  once  rises  sufficiently  to 
attract  the  armature,  ii,  against  the  left-hand  contact,  which 
])uts  a  resistance  and  the  thick  wire  coil  of  the  same  electro- 
magnet into  circuit.  This  coil  holds  the  contact  bard 
ONcr,  !uid  the  main  current  now  passes  through  it  to  the 
other  lamps  of  the  circuit  witliout  interruption.  In  the 
Biush  lamp  the  two  cut-out  coils  are  wound  on  the  magncC 
I)  (Fig.  254),  below  which  can  be  seen  the  contacts  of  the 
movable  tongue  or  armature. 

The  mechanical  devices  employed  in  different  lamps  to 
obtain  a  steady  feed  exactly  ecjuai  to  the  rate  of  con- 
sumption of  the  carbons  arc  very  numerous.  In  many 
lamps  some  form  of  clutch  arrangement  is  used,  the  details, 
however,  differing  widely  from  the  clutch  used  in  the 
Brush  lamp.  In  particular,  a  magnetic  clutch  is  u.sed  in 
the  (iulcher  lamp,  which  is  largely  used  for  running  in 
parallel  with  glow  lamps.  Then  another  large  class  of 
excellent  lamps,  including  the  Brockie- I'ell  and  the 
Cronipton,  uses  some  form  of  brake-wheel  control 
the  carbons  can  only  descend  wht-  -  ••'"•■'  ■- 
turn,  and  the  electro  magnetic  ■ 
or  brake  applied  to  the  circui- 
Limps  iif  this  class  .ire  rcm.i 
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in  a  much  less  numerous  class,  the  carbons  are  moved  by 
the  armature  of  an  c1cctri<-  motor,  whose  working  is  con- 
trolled by  the  resistance  of  the  arc.  Many  other  devices 
are  used  which  we  cannot  even  enumerate,  Ijut  proliahly 
the  one  example  we  have  described  in  detail  will  enable 
our  readers  to  understand  the  general  principles  involved  in 
the  design  of  a  good  modern  arc  lamp. 

At  one  time  great  results  were  expected  from  a  class 
of  lamps  which  were  partly  arc  lamps  and  partly  incan- 
descent. In  these  the  electric  arc  was  made  to  play  across 
the  face  of  a  jiiece  of  marble  or  other  refractory  material, 
which  it  raised  to  brilliant  incandescence.  The  light 
emitted  is,  on  the  whole,  much  softer  and  mellower  than 
that  due  to  the  arc  alone.  But  the  results  so  far  have  not 
fulfilled  the  hopes  raised.  The  light  is  not  easily  kept 
steady,  and,  as  compared  with  good  arc  lamps,  these  "  semi- 
incandescent  "  lamps  are  not  so  economical,  as  they  require 
a  greater  expenditure  of  energy  to  give  the  same  intensity 
of  light. 

Street  Lighting. — The  use  of  arc  lamps  is,  without 
doubt,  the  mo.st  eflrc«:live  method  of  artificially  illuminating 
streets,  railway  stations,  and  large  spaces  either  indoors  or 
out  in  the  open.  The  arrangement  of  the  electrical  circuits 
is  very  simple.  Although  the  arc  lamps  can  be  run  in 
parallel  with  glow  lamps  off  constant  potential  mains,  it  is 
more  satisfactory,  where  a  number  are  being  used,  to  place 
them  in  simple  series  and  supply  them  with  current  from 
a  dynamo  automatically  controlled  to  give  a  constant  current 
of,  say,  ten  amperes  within  certain  wide  limits  of  pressure. 
Where  alternate  high  pressure  currents  are  employed,  a 
sm.ill  tr.insfornKT,  fixed  to  the  lam|>i)Obl  or  placed  above 
the  mechanism  of  the  lamp,  will  supply  the  proper  current. 
In  the  lighting  of  the  City  of  London,  these  transformers 
arc  fixed  in  the  base  of  the  lamp-post,  where  their  presence 
cannot  be  noticed. 

H  H    2 
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Physics  of  the  Electric  Arc— An  examination  of  the 
phenomena  displayed  in  the  electric  arc  reveals  several  most 
interesting  and  hcatitiful  problems,  to  which  ui-  can  Imt 
briefly  allude. 

In  the  first  place,  unless  the  electric  (iressure  between  the 
carbons  be  kept  at  25  volts  or  more,  the  arc  cannot  be  main- 
tained. Kven  with  this  P.I),  the  arc-  hisses  very  loudly,  and 
cannot  be  brought  to  silence  unless  the  I'.  I),  is  raised  to  alioul 
35  volts.  To  investigate  the  cause  of  this,  careful  measure- 
ments have  been  made  of  the  ratio  of  the  P.l).  to  the 
current  for  different  lengths  of  arc.  This  ratio  would,  by 
Ohm's  law,  be  the  resistance  of  the  arc,  if  the  latter  behaves! 
electncally,  as  an  ordinary  conductor.  On  an  examination 
of  the  results,  however,  it  is  found  that  the  so-called 
resistance  ran  be  divided  into  two  parts,  one  of  which 
depends  on  the  length  of  the  arc,  whilst  the  other  isconstAnt. 
The  existence  of  this  last  term  can  only  be  explained  by 
supiwsing  that  there  is  a  back  K.M.K.  in  the  arc  similar 
to  the  back  E.M.F.  we  meet  with  in  a  voltameter.  'I'his 
supposition  has  been  confirmed  by  other  experiments.  The 
chief  difficulty  in  accepting  it  is  the  high  voltage  involved  ; 
for  the  "  silent  arc  "  this  is  as  much  as  ^^  to  35  volts,  and 
in  no  other  direction  do  we  find  chemical  or  physical 
changes  capable  of  giving  more  than  3  or  4  volts. 

As  bearing  on  this  nuestion,  it  is  a  matter  of  common 
knowledge  that  with  continuous  currents  the  positive  carbon 
is  mu<  h  brighter  than  the  negative.  More  exact  observa- 
tions have  shown  that  the  intrinsic  brightness  of  the  positive 
c;irhon  is  always  the  fame,  so  much  so  that  it  has  btvn 
jiroposed  to  use  it  as  a  standard  of  liL'ht  N.av,  rhi  Cit 
that  the  brightness  is  always  the  same 
temperature,  and  attempts  ha\     '  •  •  mia 

remperntuu-.      But    if    the    1  • 

constancy   must   be  due  to  some  p* 
place,     Thus,  wc  kn'  -v  •'->•  •!'■  — tn| 
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is  constant  at  o"  C,  and  that  the  temperature  of  water 
boiling  under  ordinary  pressure  is  constant  at  loo^  C.  By 
analogy  we  are  led  to  infer  that  the  ihange  taking  place  at 
the  positive  crater  is  the  votini/isation  of  car/'on,  and  that  the 
back  E.M.F.  set  up  is  due  to  theAr/tv//  hoil  oj viipourisation 
of  carbon. 

The  reason  for  the  lower  back  E.M.F.  of  the  hissing  arc 
is  not  quite  so  obvious.  It  is  always  a  very  short  arc,  and 
the  negative  carbon  Is  brighter  than  in  a  long  arc.  It  seems 
probable  that  there  is  a  condensation  of  carbon  vapour, 
drawn  from  the  positive  carbon,  on  the  negative  carbon. 
In  this  conden.sation  .some  of  the  energy  absorbed  in 
vajKJurisation  at  the  positive  carbon  would  be  restored  to 
the  circuit,  and  the  net  energy  absorbed  in  vapourisation 
diminished,  leading  to  a  lowering  of  the  back  E.Nf.  F. 

The  high  temperature  of  the  carbons  also  accounts 
for  the  small  amount  of  combination  of  the  carbon  with  the 
oxygen  of  the  surrounding  air.  It  is  a  well-known  chemical 
fact  that,  at  high  temperatures,  compounds  become  disso- 
ciated into  their  elements,  or,  in  other  words,  many  chemical 
combinations  c.mnot  take  place  at  all  at  high  temperatures. 
If,  therefore,  as  seems  certain,  the  temjierature  of  the  arc  is 
above  the  dissociation  temperature  of  carbon  monoxide,  no 
combination  of  carbon  with  oxygen  can  take  place  in  the 
arc  itself.  Combination  can  only  take  place  as  the  slowly  vola- 
tilised carbon  vapour  rc.ulies  the  cooler  regions  in  the  vicinity. 

Not  only  is  a  minimum  P.U.  required  to  actuate  an  arc 
lamp,  but  it  is  also  found  impossible  to  make  an  arc  lamp 
burn  with  less  than  a  certain  current.  Two  or  three  amperes 
Seem  to  be  absolutely  necessary.  It  apiwars  to  be  impossible 
80  to  adjust  the  excess  of  the  P.O.  of  the  carbons  over  the 
bark  E.M.F.  of  the  an-  that  the  ratio  of  this  excess  to  the 
real  resistance  will  give  a  small  current.  The  heating  effect 
of  the  j.irge  current  on  the  actual  resistance  is  probably  the 
c<wse  of  the  difficulty. 
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\Vc  cannot  roncludu  this  part  of  our  subject  without  dc 
scribing  an  cx]x;rimfnt  by  Dr.  Fleming,  in  which  he  shows 
that  the  "  EdisDti  KflTcci''  (ste  jwgc  496)  in  glow  lamps  is 
represented  by  an  analrjgous  effect  in  arc  lamps.  The 
arrangement  of  the  apparatus  is  shown  in  Fig.  256.  An  idle 
electrode,  in  this  case  a  third  carbon,  is  inirodiiceti  into  the  arc, 
and  represents  the  metallic  plate  ii»  the  glow  lain[iex()eriment. 
The  introduction  of  this  idle  electrode  can  be  more  easily 
effected  if  the  arc  he  repelled  to  one  side  b)  the  action  of  a 

magnet,  as  shown  in  the 
figure.  The  third  carbon 
is  connected  10  a  galvano- 
meter, and  on  joining  the 
other  terminal  of  the  gal- 
vanometer to  the  negative 
carbon,  no  i.urrent  an  be 
dete(  ted.  Hut  on  joining 
the  second  terminal  of  the 
galvanometer  to  the  posi- 
tive carbon  a  strong  current 
is  observed,  and  this 
current  can  be  made  to 
ring  an  electric  bell,  or  light 
a  small  glow  lamp.  As  in 
the  glow  lamp,  so  in  the  arc,  there  seems  to  be  a  stream  of 
negatively  charged  molecules  from  the  negative  electrode. 
There  are,  undoubtedly,  some  interesting  unsolved  problems 
connected  with  both  these  methods  of  artiheial  illumination. 

PHOrOMETRV. 

We  have  now  described  the  appliances  used  for  produc- 
ing artificial  illumination  by  means  oi'  '  tit. 
But,  connected  with  the  subject,  and  I  .'.et 
interest  to  some  of  our  readers,  is  ■\ 
amount  of  light  ubtatoed,  and  bow  >■ 
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measiirtd.  This  is  A\  ihe  more  necessary,  as  even  amongst 
those  who  should  know  hitler,  wild  statements  are  often- 
tinies  made.  Thus  arc  lamps  have  been  sold  as  2,000 
candle-power  lamps,  which,  wlien  burning  under  tl»e  l)est 
conditions,  do  not  emit  a  light  eijual  to  that  of  1,000 
candles.  Nor  arc  the  "electric  light  men"  the  only 
oircnders  in  this  resjiect ;  gas  producers  are  even  worse,  for 
the  phrase  "  20  candle-power  gas  "  has  little  meaning  for 
the  ordinary  consumer,  who,  with  the  appliances  he  uses, 
seldom  gels  out  of  it  a  light  equal  Vj  that  of  5  or  6  candles 
per  burner.  .'\  sliglit  digression  on  the  subject  of  Photo- 
metry, or  "  Measurement  of  Light,'  may  therefore  lie  more 
than  interesting. 

In  order  to  estimate  the  value  of  any  artificial  iliuminant 
it  is  obviously  of  primar)- importance  that  we  should  be  able 
to  measure  the  amount  of  light  emitted  in  terms  of  some 
unit.  The  jirolilem  is  a  twofold  one  :  we  have  first  lo 
select  a  standard  with  which  we  can  compare  the  light  or 
the  illumination,  and  then  we  have  lo  devise  suitable  means 
for  making  the  comparison. 

Of  these  the  most  difficult  is  the  selection  of  a  satis- 
factory standard  source  of  light,  which  can  not  only  be 
easily  produced,  but  can  be  relied  upon  at  all  limes  to  emit 
a  definite  amount  of  light,  'I'he  standard  adopted  by  Act 
of  Parliament  in  this  country  is  the  sperm  candle,  so  made 
as  to  burn  1  20  grains  of  s|)ermai;eti  per  hour.  This  standard 
is  by  no  means  constant :  different  candles,  all  constructed 
so  as  to  satisfy  the  requirements  of  the  Act,  may  vary  as 
much  as  15  per  cent  in  the  light  emitted.  In  France  the 
Carccl  burner,  a  form  of  oil  lamp,  is  used  ;  for  standard 
purposes  the  wick  must  be  of  1  "2  inches  diameter,  and  con- 
sume I "48  ounces  of  purified  rajie  oil  per  hour;  the  flame 
also  must  be  adjusted  to  a  height  of  i'6  inches.  The  light 
given  is  equal  to  that  of  about  96  standard  candle.-*. 

In    1881   a   Parliamentary  Committee  reported  on  the 
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defects  of  the  standard  candle,  and  favourably  mcntionec 
the  "  penLine "  standard,  devised  by  A.  Vernon  Harcourt. 
The  apparatus  for  producing  this  standard  is  shown  in  Fig, 
857,  and  is  the  outcome  of  a  long 
series  of  ex|3eriments.  The  fuel  burnt 
is  pure  penlane,  which  is  a  paraffin 
having  the  formula C;-H,j,  and  boiling 
at  38'^  C.  This  is  contained  in  the 
lower  part  of  tiie  lamp,  which  resem- 
bles an  ordinary  paraAin  lamj),  except 
that  it  IS  provided  with  levelling 
Screws.  The  oil  passes  uj)  through  a 
wick,  which  ends  at  the  lower  part,  a, 
of  a  metal  tube,  open  top  and  bottom. 
When  the  lamp  is  being  used  this  tube 
is  hot,  and  vapourises  the  pentane  as  it 
reaches  the  top  of  the  wick.  The 
pentane  vapour  passes  up  the  tube, 
and  is  ignited  at  the  top  end,  close 
to  /'.  The  actual  tube  is  not  seen  in 
the  figure,  as  it  is  enclosed  by  two 
other  tubes,  the  outer  of  which  is 
narrowed  at  the  top  end,  /•.  This 
outer  tube  also  carries  the  upper  metal 
chimney,  <l,  wliose  height  can  be  ad- 
justed by  screws  and  slots  on  the  carry- 
ing arms,  so  that  the  gap,  c,  can  be 
made  of  any  desired  width.  It  is  in 
this  gap  that  the  part  of  the  flame 
used  for  photometer  work  appears. 
Two  adjustments  are  necessary.  First  the  total  height  of 
the  flame  must  be  such  that  its  top  i-nn  be  ^cen  between 
two  slots,  al)out  half  an  inch  higl.  -  chimney 

And,  secondly,  the  g.tp,  e.  must  \v  .,,.  ili.     To  fix 

Ihc  Utter  gauges  arc  supplic"  '  Ughl  of  one 
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candle-power  being  shown  at   ihe  side,   marked  "candle. 
To  start  tiic  lamp  the  outer  jackets  of  the  lower  tube  have 
to  be  removeti,  and  this  lower  tube  warmed,  so  that  it  can 
vapourisc  the  pentane. 

Many  experiments  with  this  lamp  have  shown  that,  when 
a  few  necessary  and  simple  precautions  are  observed,  the 
light  emitted  can  be  relied  ujiun  with  a  i)rol>able  error  of 
less  than  one  per  cent. 

Other  standards  have  been  proposed  to  replace  the 
unsatisfactory  "candle."  For  instance,  the  Congress  of 
Eltctricians,  at  Paris,  in  1881,  decided  that  the  standard  of 
light  should  be  the  light  emitted  by  a  si|uare  centimetre  of 
platinum,  just    before   it  fuse.s.      This  standard,  however, 


Fig.  958.-  Priaciple  of  Rumrord's  Pholumelcr. 


is  obviously  difficult  to  jirocure,  though  M.  N'ioUe  has 
designed  an  a])paratus  for  producing  it,  the  platinum  foil 
used  being  healed  by  an  electric  current.  The  light  emitted 
is  rather  less  than  that  of  two  average  standard  candles. 

The  second  branch  of  photometry  consists  in  the  com- 
parison of  the  light  under  examination  with  the  standard 
light  The  general  plan  is  to  so  place  the  two  lights  to  be 
compared  that  they  produce  equal  illumination  on  a  given 
screen.  The  methods  of  determining  when  the  illuminations 
due  to  the  two   lights  become  equal  are  very  various,  and 
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some  of  them  are  complicated.  One  of  the  simplest  is  that 
somewhat  diagrammatically  depicted  in  Fig.  258,  which 
represents  a  form  uf  pliolometer  devised  by  Rumford.  A 
blackened  cylimlrical  stick  is  set  up  in  front  of  a  screen  with 
a  dead  white  surface— for  example,  a  surface  of  white  blotting 
paper.  The  lights  to  be  compared  are  placed  on  the  side 
of  the  stick  remote  from  the  screen,  in  such  positions  that 
they  throw  on  the  screen  two  sh.idows  .ilong.side  one  another. 
In  practice  the  shadows  are  arranged  so  as  not  to  overlap, 
hut  just  touch.  Now  it  is  evident  that  one  of  these  shadows 
is  illuminated  by  one  light  only,  and  the  other  by  the  other 
light  As  they  are  alongside  they  are  in  a  good  |x>sition  for 
determining  when  they  are  ei|ually  bright  or  dark.  One  of 
the  lights  is  moved  to  and  fro,  until  the  observer  considers 
that  he  has  obtained  this  effect.  He  then  measures  the 
distances  of  the  two  lights  from  the  scrttn  (the  position  of 
the  stick  does  not  enter  into  the  calculation),  and  takes  the 
relative  intensities  to  be  pro|>ortional  to  the  squares  of  these 
distances,  according  to  a  well-known  law  in  optics. 

Two  difficulties  present  themselves  in  practice.  First, 
if  the  lights  areof  verj'  different  colour — for  instance,  an  arc 
lanip  and  a  candle — it  is  almost  impossible  to  s.iy  definitely 
when  the  two  shadows  are  e<|ually  dark.  An  attempt  is 
made  to  gel  ovir  the  difficulty  by  examining  the  shadows 
through  coloured  glasses,  but  this  only  enables  the  relative 
intensities  to  he  compared  as  regards  the  kind  of  light 
transmitted  by  the  particular  coloured  glass  used. 

Secondly,  if  the  two  lights  differ  greatly  in  c;indle-{)ower, 
one  must  be  placed  at  an  inconveniently  great  distanc 
For  instance,  in  comparing  an  arc  lamp  of  1,600  candid 
power  directly  with  a  standard  candle,  the  an  lamp  must  be 
forty  times  further  away  from  the  screen  than  the  candb 
As  the  candle,  for  several  reasons,  should  not  Iw  j'lac 
closer  than   10  or  n   inches,  this  nie.ins  that  the  arc  lamp 
mu<t  be  %},  to  40  feet  distante.     Not  onlv  is  the  attual 


dislancc  inconvenient,  but  an  error  is  intfoduccd  owing  to 
the  absorption  of  ihe  light  from  the  art-  in  passing  ihrou.nh 
so  yreat  a  length  of  the  atmosphere.  To  sliorien  this 
distance  many  devices  have  been  proposed.  The  lij^lit 
from  the  arc  may  l)e  dimini.shcd  by  rotating  screens,  or 
disjiersed  liy  a  liouble  concave  lens,  or  weakened  in  a  known 
proportion  in  other  ways. 

One  good  plan  is  to  use  an  inieimediate  light  as  a  kind 
of  "  step  down."  This  method  was  employed  at  the  Munii  li 
Exhibition.  A  diagram  of  the  plan  ado|)ied  is  given  in 
Fig-  259-  The  standard  light  is  placed  at  A,  the  arc  lamp 
to  be  tested  at  C,  and  a  Siemens' gas  burner  at  B.    Movable 
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screens  are  placed  at  a  and  /'.  The  gas  burner  was  com- 
pared with  the  standard  on  screen  </.  and  the  arc  lamp  was 
compared  with  the  gas  burner  on  screen  />.  Thus,  in<lirectly, 
the  arc  lamp  was  compared  with  the  standard. 

In  this  case  the  lights  to  be  lumpared  were  on  opposite 
sides  of  the  screen,  which  was  translucent,  or  semi-trans- 
parent The  two  sides  of  the  screen  were  assumed  to  be 
equally  illuminated  when  a  sjjot  of  grease  on  it  disappeared. 
This  method  of  determination,  which  is  very  widely  used, 
was  devised  by  Bunsen. 

We  have,  |>erhaps,  now  said  sufTuient  to  indicate  the 
general  methods  and  problems  involved  in  photometry. 
The  whole  subject  is  somewhat  (omplcx,  and  would  re- 
quire a  large  amount  of  space  to  develop  fully  ;  for  such 
developments  we  must  refer  the  reader  to  special  books. 
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Thus  far,  in  connection  with  the  subject  of  electric 
illumination,  we  have  only  descriljed  the  lamps  and  their 
immediate  accessories.  But  the  possession  of  these  alone, 
though  indispensaliie,  is  no  more  sufticicnt  than  the  pos- 
session of  suitable  gas  burners,  brackets,  and  gasaliera 
would  l>e  sufficient  for  the  purpose  of  illumination  by  gas. 
In  both  cases  we  must  have  the  means  of  distributing  the 
illuminating  agent  throughout  the  building  to  the  (loints 
where  it  is  to  be  used,  and,  in  addition,  where  no  pulilic 
supply  of  this  agent  is  available,  we  must  incur  the  exjjense 
of  erecting  the  needful  plant  for  its  production. 

The  public  supply  of  illuminating  gas,  having  had  about 
one  hundred  years  for  its  development,  is  much  more 
extensive  than  that  of  its  more  modem  rival,  the  electric 
current.  Notwitiistanding  this,  there  are  still  many 
country  districts  in  the  United  Kingdom  and  all  civilised 
countries,  where  no  public  supply  of  gas  is  available, 
and  where,  if  the  private  individual  wishes  to  use 
this  illuminant,  he  has  to  incur  the  somewhat  high 
cost  of  manufacturing  it  for  himself.  When  we  turn  to 
the  electric  current,  the  case,  as  might  reasonably  be 
expected,  is  mu(  h  worse,  for  not  only  country  districts,^M 
but  even  many  towns,  are  still  destitute  of  publi^^l 
supply  stations.  Fortunately,  in  these  cases,  the  putting 
down  and  the  working  of  private  generating  plant  is  a 
comparatively  simple  matter,  and  many  hundreds  of  such 
plants  are  now  in  everyday  use.  The  chief  electrical  jurts, 
the  tlynamos  and  lamps,  of  a  private  installation  have  been 
already  described.  How  these  are  combined,  and  what 
additional  apparatus  is  necessary  or  .ndvisable,  must 
be  discussed,  .\ftcrwards  we  shall  refer  to  the  fittiiiL'  <  ■ 
house  or  building  to  receive  the  current,  whether 
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be  supplied  by  the  owner's  plant  or  by  a  public  supply 
company  or  corporation. 

The  first  requisite  in  the  complete  installation  of  an 
electric  lighting  system  is  some  source  of  mechanical  power, 
or  prime  mover,  for  the  purposes  of  driving  the  dynamos 
and  supplying  the  energy,  which  is  to  be  afterwards  con- 
verted into  heat  and  light.  In  mill.s  and  factories  the 
requisite  power  can  usually  be  s[)ared  from  the  large  engines 
employed  in  the  general  work  of  the  place,  but  in  private 
houses  this  source  of  power  is  not  available.  In  the  latter 
case  it  will  be  necessary  to  put  down  special  plant  for  the 
purpose.  The  choice  will,  as  a  rule,  lie  between  steam, 
gas,  and  oil  engines,  though  in  mountainous  or  hilly 
districts  a  more  satisfactory  source  than  any  of  these  may 
be  found  in  a  turbine  worked  by  a  supply  of  water  drawn 
from  some  neighbouring  stream  or  waterfall. 

Except  in  special  cases,  the  laying  down  of  a  steam 
boiler  and  engine  is  not  advisable.  The  former  requires  a 
certain  amount  of  skilled  attention  and,  where  only  occasion- 
ally used,  some  time  and  fuel  have  to  be  spent  in  getting 
up  steam,  and  a  good  deal  of  energy  is  lost  in  the  cooling 
of  the  boiler  between  successive  runs.  Moreover,  even  a 
large  steam  engine  is  not  so  economical  a  transformer  of 
heat  into  mechanical  energy  as  a  small  gas  or  oil  engine. 
In  addition,  a  gas  engine  can  always  be  started  in  a  few 
minutes,  and  when  stopped  all  further  consumption  of  fuel 
simultaneously  ceases.  Moreover,  a  steam  boiler  rcfjuires  a 
supply  of  good  water.  We  shall,  therefore,  pass  on  to  con- 
sider briefly  the  setting  up  of  a  gas  or  oil  engine. 

For  defiiiiteness,  we  may  take  the  case  of  a  house  wired 
for  loo  glow  lamps,  each  of  t6-candle  power.  This  would 
be  suflBtient  for  all  purposes  in  a  moderate-sized  country 
house,  and  though  many  of  the  details  are  not  strictly 
proportional  to  the  number  of  lamps  fixed,  it  will  probably 
enable  our  readers  to  form  an  approximately  correct  estimate. 
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Wl'  may  i>a-mise  that  in  all  sui  ii  rases  a  scconilar 
b.utcry  should  l)e  intliidcd  in  the  plant ;  fur,  although  tills 
battery  will  add  considerably  to  the  cost,  it  is  a  valuable 
auxiliary  in  a  self  contained  installation.  Without  it  no 
light,  even  a  single  lamp,  can  be  i)rocured  except  when  the 
engine  is  running.  With  i(,  the  engine  can  be  stopped 
during  the  small  hours  of  the  morning  and  the 
whole  of  the  day,  and  yet  a  few  lara|)s  can  alwajs  Ik: 
available  in  bedrooms,  cellars,  etc.  In  fact,  if  a  Urge 
battery  be  laid  down,  the  engine  need  only  be  run  once 
or  twice  a  week  to  charge  it ;  but  this  course  Is  sliU 
more  advisiible  when  a  steam  engine  is  used,  and  is  not  so 
necessary  with  a  gas  or  oil  engine.  Another  advantage  of 
using  a  battery  is  that  it  enables  the  engine  to  be  run  at  its 
full,  which  is  usually  its  most  economical,  load,  whether 
there  be  few  or  many  lamps  alight. 

The  loo  lamps,  if  all  burning  at  once,  would  rc'iuire  about 
6,000  watts  (6  kilowatt-;),  irresi)ective  of  the  loss  in  the  leads, 
but  in  no  ordinary  case  are  all  the  lights  in  a  house  burning 
at  the  same  time,  and  therefore  a  5-kilowatt  dynamo  will  be 
more  than  sufficient.  I'his  will  require  a  4  nominal  horse- 
power gas  or  oil  engine  to  drive  it,  for  such  an  engine  will 
give  otf  over  6  horsepower  when  required. 

If  loo-volt  lamps  be  used,  a  lottery  capable  of  dis- 
charging at  the  rate  of  20  amplrres  will  be  quite  large 
enough,  and  in  this  case  53  to  55  cells,  giving  about  2 
volts  each,  will  be  required.  This  battery  will  be  able, 
unaided,  to  run  rather  more  than  ;?o  lamps.  But  the  in- 
stallation may  be  run  at  a  lo«ver  voltage,  say  60  volts,  and 
then  only  33  or  34  cells  will  be  rccjuired  ,  but  these  should 
be  capable  of  discharging  at  a  rate  ot  30  itn)(.ivres,  and 
should  therefore  be  rather  larger  cells. 

Tlie  various  considerations  entering  into  the  c|ue3tic 
of  high  or  low  volt.tge  arc  dealt  with  subsequently  in   ibj 
chapter  on  Uie  "  TranitntMion  of  Power."    We  majr  add 
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here,  however,  that  where  two  or  three  arc  lights  are  required 
for  the  grounds  or  a  lonj;  carriage  drive,  the  6o-voU  pressure 
may  be  found  most  convenient. 

A  very  neat  arrangement  of  the  above  plant,  devised  by 
Messrs.  Drake  and  Gorham,  is  shown  in  Fig.  260.  A  good, 
dry,  and  well-drained  one-storey  outhouse  is  most  suitable. 
Two  rooms  will  be  retjiiired,  one  for  the  dynamo  and 
engine,  and  the  other  for  the  battery.  The  latter  has  to 
be  placed  in  a  separate  room  because  of  the  acid  spray 
given  off  during  charging,  as  this  spray  would  soon 
damage  the  exposed  metal  parts  of  the  engine  and  dynamo. 
It  is  well  not  to  have  any  door  between  the  two  rooms,  as 
even  this  may  carelessly  be  left  oyicn.  The  engine-room 
should  be  well  lighted  and,  for  the  size  of  plant  considered, 
should  be  about  18  feet  long  by  9  feet  wide.  The  battery 
room  may  be  small,  about  1 1  feet  by  6  feet  being  sufficient. 

The  figure  is  almost  self  explanatory.  The  regulating 
gas  bag  and  meter  are  shown  on  the  far  wall  at  the  right  ; 
these,  of  course,  are  not  required  with  an  oil-engine.  The 
water-tank,  which  contains  the  water  for  keeping  the 
cylinder  cool,  is  placed  outside  the  window  at  T,  The 
switchboard  is  on  the  left  hand  wall  close  to  the  dynatno, 
and  from  it  quite  short  leads  pass  to  the  secondary  battery 
in  the  room  behind. 

At  first  sight  it  might  seem  to  be  a  mistake  to  recom- 
mend the  use  of  gas  engines  in  a  country  house,  where 
most  likely  a  supjily  of  gas  is  not  procurable.  But  apart 
from  the  many  cases  in  which  such  a  su|iply  is  available,  it 
is  quite  possible  to  make  the  gas  required  for  the  engine, 
and  that  at  a  cost  well  below  the  ordinary  charges  of  gas 
companies.  The  gas  so  n»adc  would  be  useless  for  illumin- 
ating purposes,  but  is  excellent  for  burning  in  the  gas 
engine.  So  much  is  this  the  c^nse,  that  even  in  towns  large 
gas  engines  are  now  replacing  ste:im  engines,  the  gaa 
required  being  tnanufactuxed  on  the  sjwt.     The  [)lani  use 
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is  very  simple  ;  but  wo  cannot  for  waiU  of  space  describe 
it  here. 

Where  a  secondary  battery  is  used,  the  dynamo  should 
he  simply  shunt-uwimi.  The  reason  for  this  is  the  danger 
of  reversing  the  jwlariiy  of  a  series- wound  dynamo. 
Sujtpose  that,  when  charging  the  battery,  the  speed  of  the 
engine  drops  so  far  ih.it  tiie  E.M.F.  generated  by  the  series 
dynamo  is  less  than  the  back  EM.  F.  of  the  battery.  In 
this  case  the  current  will  be  reversed,  and  the  battery 
will  discharge  through  the  dynamo  and  will  reverse  the 
polarity  of  its  field-magnets.  The  consequence  will  be  that 
the  E.M.F.  of  the  dynamo  will  be  reversed  and  assist  the 
battery  current,  and  for  a  moment  an  enormous  current  will 
flow,  calling  into  play  some  safety  device  which  will  break 
the  circuit.  Hut  the  mischief  does  not  end  here,  for  when 
the  dynamo  is  restarted  and  run  up  to  its  proper  speed  its 
polarity  will  be  found  to  be  still  reversed,  and,  therefore,  on 
connecting  the  cells  a  violent  discharge  will  again  take 
place.  These  evils  are  minimised  by  using  a  shunt-wound 
dynamo ;  for  when  the  current  reverses,  owing  lo  the 
slowing  down  of  the  engine,  it  still  flows  in  the  same 
direction  through  the  field  magnets,  and  the  cells  simply 
drive  the  dynamo  as  a  motor.  This  is  not  desirable,  but 
no  great  harm  will  be  done,  as  the  engine,  being  relieved  of 
its  load,  will  soon  .speed  up  again,  and  the  normal  state  of 
affairs  be  re-established. 

Passing  now  to  the  switchboard,  the  diffierent  switches 
and  instruments  thereon  may  be  arranged  in  various  ways,  but 
the  simpler  the  arrangement  the  better.  A  very  simple  form 
of  switchboard  designed  by  Messrs.  Drake  and  Gorham  is 
shown  in  Fig.  261.  It  carries  two  ammeters,  one  for  the 
dynamo  and  the  other  for  tlie  lamp  circuit,  two  ordinary 
switches  for  the  same  circuits,  and  a  regulator  switch.  The 
latter  requires  a  word  or  two  of  explanation. 

When  a  secondary  battery  is  being  cliargtd,  the  pressure 
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of  the  charging  current  has  to  overcome  not  only  the  ohniic 
resistance  of  the  biitlery,  hut  also  the  back  K.  M.F.  Thus, 
the   IM).  at  the  terminals  must  ciiiial  ihe  li.M. F.  of  the 
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battery   plus    the    volis   (C  x  K)   lost   in   overcoming 
internal  resistance.       But   when  the   battery   is   bcir«» 
(hurled,  the  maximum  prc!>surc  available  is  the  E 
the   battery,    whith    is   aiii)roxiniately  ihc  ■. n  ■ 
charge       Tlii'i  pressure,  li"",v.r    Inis  t..  i\\  ^ 
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through  the  battery,  as  well  as  through  the  external  circuit. 
The  P.  D.  at  the  terminals  will,  therefore,  now  equal  the 
liM.F.  of  the  ijaltery  minui  the  volts  (C  x  R)  lost  in  over- 
coming the  internal  resistance.  If  now,  whilst  the  battery 
is  being  charged,  some  lamps  are  taking  current  in  [)anillel 
with  it  from  the  dynamo,  the  P.O.  required  by  the  lamps 
will  deiem)ine  the  number  (jf  lells  that  can  be  charged  in 
[larajlel  with  them.  On  stopping  the  dynamo,  the  lamps 
will  take  current  from  the  cells.  But  the  P.D.  of  the  latter 
will  fall  for  the  reasons  just  given,  and  the  lamps  will  burn 
dimly.  To  bring  back  the  lamps  to  the  requisite  incan- 
descence some  extra  cells  must  be  switched  into  circuit,  so 
as  to  increase  the  available  E.M. F.  and  restore  the  P.D.  to 
the  required  value. 

The  regulator  switch  at  the  bottom  of  the  board  (Fig. 
261)  is  for  the  jiurpose  of  making  these  changes  rapidly 
and  simply.  Conductors  are  brought  to  the  six  cross-bars 
of  the  switch  from  the  negative  terminals  of  the  last  six  cells 
of  the  battery,  which  are  tailed  regulating  cells.  These 
cross- bars  overhang,  without  touching,  the  circular  arcs  on 
the  right  and  left.  The  arc  on  the  right  can  be  connected, 
through  the  switch  and  ammeter  directly  above  it,  to  the 
main  negative  conductor,  which  brings  the  current  back 
from  the  lamps  ;  whilst  the  arc  on  the  left  can  be  connected 
through  the  other  switch  and  ammeter  to  the  negative 
terminal  of  the  dynamo.  Each  arc  can  be  |)laced  in 
contact  with  any  one  of  the  six  cros.s-bais  by  means  of 
slidingspring  contacts  at  the  ends  of  one  of  the  radial  arms. 
By  moving  these  arms,  therefore,  the  number  of  cells,  cither 
in  the  lamp  or  dynamo  circuit,  at  any  time  can  be  altered. 

The  two  smaller   switches  enable  the  dynamo  or  the 

t.ini|i  citiuit  to  be  made  and  broken  at  pleasure.      Thus, 

witches  are  "  on,"  the  dynamo  and  the  battery  are 

rr\\\X   with    the    lamps ;    when    the    battery    is 

<  the  dviiamo,  the  left-hand  switch,  marked 
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"dynamo,"  is  "  ofT,"  and  ihe  other,  marked  "lamps,"  is 
"  on  ";  whilst  when  the  dynamo  is  charging  only  and  the 
lamps  are  not  being  used,  the  left  hund  one  is  to  be  "on," 
and  the  right  hand  one  "off." 

The  left-hand  ammeter  measures  the  current  given  by 
the  dynamo,  and  the  right-hand  one  the  current  supplied 
to  the  lamps.  The  difference  of  the  readings  gives  the 
charge  or  discharge  current  of  the  battery.  Thus,  if  the 
"  dynamo "  current  be  greater  than  the  "  lamp  "  current, 
the  battery  is  being  charged  by  a  current  equal  to  the 
difference  between  the  two;  whereas,  if  the  "lamp" 
current  be  tiie  greater,  the  battery  is  supplying  a  current 
ei|ual  to  the  difference  between  it  and  the  dynamo  current. 
An  inspection  of  the  anmietcrs  will,  therefore,  always  reveal 
whether  the  battery  is  charging  or  discharging. 

The  current,  whether  given  off  from  the  battery,  or 
generated  by  the  dynamo,  is  next  conveyed  to  the  house, 
for  which  purpose  a  pair  of  well-insulated  cojiper  conductors 
are  used,  The  gauge  of  copper  dejiends  upon  the  maximum 
current  to  be  carried,  and  is  usually  calculated  on  the 
sujjposition  that  one  square  inch  of  section  will  safcl)  carry 
i.ooo  amperes.  As,  in  the  case  wc  are  considering,  the 
maximum  current  m.iy  be  taken  at  50  amjicres  (for  a  100- 
volt  pressure),  this  would  require  a  cross  sei-tion  of  j'^lh 
(=  jgjpi)  of  a  square  inch,  which  would  be  nearly  given  by 
a  table  of  19  wires  of  Xo.  17  gauge,  having  a  resistance  of 
0M74  ohm  [icr  500  feet  of  double  cable.  The  rule  is  a 
rough  one,  and  in  some  cases  it  would  be  advisable  to  lay 
down  a  thicker  cable  so  as  to  diminish  the  loss  in  prcHsurc 
over  a  long  distance.  For  instance,  the  above  cable  would 
lead  to  a  loss  of  8-7  (  =  50  x  "ill  load  of 

50  amperes  if  the  house  wet'  ■    ftotu    the 

dynamo-  and  battci>  V  chaj<gv  of  this  magnitude 

between  small  and  he.i  Reriau»ly  affect  the 
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Passing  now  to  the  house  itself,  the  first  operation  is  to 
provide  conductors  to  carry  the  current  to  the  points  where 
light  is  required.  This  is  technically  called  "  wiring  "  the 
house.  Theoretically,  the  arranyement  of  the  conductors 
is  very  simple,  the  lamps  being  arranged  in  parallel  circuit, 
as  explained  at  page  288.  Perhaps  Fig.  zdi  will  assist  the 
reader  to  understand  how  the  various  ramifications  de[.)end 
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Fig.  a6y.— Diagram  of  Glow  Lump  I^ighting  of  a  House. 


upon  one  another.  The  figure  is  strictly  diagrammatic,  all 
switches  and  cutouts  being  omitted.  The  lamps  are  rc- 
|)rcsenled  by  small  circles,  and  it  will  be  noticed  that  ettcA 
of  these  forms  a  bridge  from  a  conductor  directly  connected 
to  the  +  main  from  the  dynamo  to  a  conductor  similarly 
connected  to  the  —  main.  The  arrowheads  show  the 
directions  of  the  currents  at  various  points. 

The  conductors    themselves,  technically  known  as  the 
"  leads,"  should  consist  of  tinned  copper  wire  well  insulated 
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with  indiarubber,  and  mechanically  protected  with  other 
coverings.  Elaborate  rules  have  been  drawn  uji  for  the 
guidance  of  contractors  in  wiring  houses,  with  the  object 
of  eliminating  all  risk  from  fire  due  to  the  heating  effect  of 
the  current.  We  shall  not  trouble  our  readers  with  these 
rules  in  detail,  as  they  are  chiefly  such  as  would  be  dictated 
by  common  sense,  combined  with  a  knowledge  of  the 
clectri(-al  laws  to  which  we  have  already  fully  referred, 
(lood,  honest  workmanship  is  absolutely  essential  The 
+  and  —  wires  are  usually  run  in  separate  grooves  in  a  dry 
wooden  easing,  and  are  covered  over,  but  should  be  easily 
accessible.  The  sizes  of  wires  should  be  projiortioncd 
to  the  maximum  currents  they  may  have  to  <'arry,  the  nile 
being  to  allow  m'on'''  of  ^  square  inch  per  ampere,  but  it 
is  now  usual  to  employ  no  wire  of  smaller  jjaugc  than  No. 
i8,  though  this  can  carry  i.urrent  for  three  lamps  of  i6- 
candlc  power  at  loo  volts.  The  "insulation  resistance ^ 
from  either  conductor  to  the  earth  should  not  l)e  less  than 
125.000  ohms  where  100  lamps  are  used,  and  should  snry 
inversely  with  the  number  of  lamps. 

Fusible  Cut  outs —Notwithstanding  the  greatest  cat 
in  running  and  insulating  the  wires,  it  is  possible  that  now 
and  again  the  insulation  may  break  down,  and  this  may 
lead  to  a  (langerous  excess  of  current  in  particular  wires. 
This  contingency  is  eflectively  guarded  against  by  a  pro(»cr 
distribution  of  what  are  known  a.s  "  fusible  rut-outs." 
These  essentially  consist  of  short  lengths  of  conductors  of 
high  resistance  per  unit  length  introduced  into  the  current 
at  convenient  points.  The  resistances  and  si/es  of  l^ 
ctmdui  tors  are  such  that  if  the  current  through  ihem  rw 
50  per  cent,  above  its  normal  niaxiiuum  they  melt  and  so 
break  the  circuit.  There  arc  many  forms  of  these  cul-uui 
or  (uses,  but  we  can  only  refer  in  detail  to  one  of  the 
wliieh  is  depidcd  in  Fijjs.  263  and  264,  Ii'  i  i 
cover  is  remo\cd,  so  as  to  show  the  nietho'l     ■ 
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fuse  on  one  of  the  conductors  of  a  pair  of  leads  running 
vertically.  In  this  case  the  base  of  the  fuse-holder  is  of 
porcelain  ;  the  left-hand  lead  has  been  cut  and  the  ends 
brought  through  two  holes  in  the  porcelain  to  the  screws 
a  and  r  resjiectively.  The  screw  a  is  on  a  brass  block,  on 
which  is  another  screw,  //,  and  a  fourth  screw,  d,  is  on  the 
same  brass  block  as  c.  The  fuse  proper,  d/f>,  is  hung 
between  the  screws  b  and  d,  and  therefore  the  current  has 

to  pass  through  it  in  order  to 

•  n  continue   its  course  along  the 

HBr  llf~l  left-hand    lead.       I'his    fuse, 

M^      ~'^ir~H'''  shown  separately  in  Fig.  264, 

rji^^f^  ■vF'S!^  consists  of  a  lead  or  tin  wire 

loaded   at  the  centre   with  a 

relatively  heavy  leaden  weight. 

The     object    of    the      latter 


Fig.  363.    CocWburo'»  Weighted  Fii&c. 


Fi^.  »'i4.  — Fu4c  Wire  o(  ihc 
"  Cock  burn  "  Fuse. 


is  to  ensure  that  as  soon  as  the  metal  nielt.<,  the  circuit  shall 
be  interrupted  by  the  breaking  of  the  wire  dfb.  It  may 
appear  to  be  a  nee<lle.ss  precaution  to  load  the  fuse  wire 
with  a  weight,  but  it  nnisl  be  remembered  that  the  wire 
of  the  fuse,  being  exposed  to  the  air,  may  l>ecome  covered 
with  an  infusible  oxide.  Cases  have  been  known  where 
this  oxide  has  become  sufficiently  thick  to  su|>porl  the 
molten  metal  inside,  and  thus  the  circuit  was  not  broken 
r  metal  of  the  fuse  had  melted. 

t.ions  for  a  gfK)d  fuse  arc  that  it  should  "  go  " 
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as  soon  as  the  current  reaches  a  certain  value,  that  the  gap 
it  niaices  in  the  circuit  should  be  wide  enough  to  prevent 
the  formation  of  an  "  arc,"  that  it  should  be  mounted  on 
an  incombustible  base,  and  that  it  should  be  easily  re- 
placeable after  fusion. 

The  proper  position  for  the  fusible  cut-outs  is  wherever 
in  the  numerous  bifurcations  indicated  in  Fig.  zdi  there  is 
a  change  of  gauge  in  the  conductor  used.  In  an  ordinary 
installation  it  is  usually  convenient  to  have  distributing 
boxes  at  various  points,  as  a  rule  on  each  floor,  from  each 

of  which  a  distinct  group  of 
circuiis  branch  off.  The  cut- 
outs for  these  circuits  can 
then  all  be  placed  in  this  lx>x, 
and  are  readily  accessible. 
Such  a  box,  fitted  with  "  Cwk- 
burn "  fuses  on  both  sets  of 
leads,  is  shown  in  Fig.  265,  and 
will  serve  to  illustrate  the  prin- 
ciple involved.  The  positive 
and  negative  mains  are  j)er- 
manently  connected  to  the  two 
vertical  bars  marked  -|-  and 
— .  F'rom  the  bar  marked  ■+-  currents  can  (low  through 
the  various  fuses  to  the  circuits  cofinei:lcil  t<j  the  screws 
«7,  /',  (■,...;  after  flowing  through  the  lamps  they  return 
to  the  corres]ii>ndtng  screws  a,  fi',  c  .  .  .  on  the  other  side:, 
and  reach  the  —  bar  through  another  set  of  fuses.  In  this 
arrangement  there  are  fuses  011  Ix.tli  itn  iH)siti\p  ;ind 
negative  sides  of  the  lamps. 

Electro-magnelif'   <ul-(iulh   are    uselul    111    sui, 
They  act,  in  a  way  easily  understood,  by  the  mu\-  ij 

the  amiatUTv  of  an   electromagnet,   whi<h    mechanic 
breaks  the  circuit  if  the  current,  either  dro|»  > 
CNceeds  a  certain  value. 


Fig    165. —  FuWi  flAC'-l 


ulin^  flox. 
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Switches.  -Wr  jiass  now  to  the  a])paratus  used  for 
lighting  up  or  extinguishing  any  lamp  or  group  of  lamps. 
It  is  in  the  case  and  convenience  of  these  operations  that 
the  suiK-riorily  of  the  electric  to  all  other  methods  of  artificial 
illumination  i.s  most  manifest.  Wlien  it  is  required  to  light 
any  particular  lamp  it  is  only  necessary  to  complete  the 


Fijj.  366.— The  ''DwiuonU"  Switch  wilh  Cuvcr  rcmovctl. 


circuit  of  which  that  lamp  forms  a  part.  Similaily,  on 
breaking  the  circuit  the  lamp  is  extinguished.  The  pieces 
of  apparatus  by  which  the  currents  arc  made  and  broken  are 
lechniially  known  as  "switches."  A  switch  is,  therefore, 
some  sim|)le  contrivance  for  bridging  or  making  a  gap  in  a 
circuit,  and  it  can  readily  be  placed  in  the  most  convenient 
position  for  the  purpose. 

Here,  again,  the  conditions  are  so  simple  that  almost 
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innumerable  varieties  of  switches  have  been  ilesigncd,  of 
which  wc  can  only  illustrate  one  or  two.  In  designing  a 
switch,  one  property  of  the  current  must  not  be  overlooked, 
and  thai  is,  that  on  "  breaking  "  a  cir<-uit  in  which  a  current 
is  flowing,  there  is  usually  a  spark,  and  that  if  the  (;^p  W 
very  small  a  |>ersistent  "  arc  "  may  be  formed.  The  "  break  " 
should,  therefore,  be  eflTectcd  rapidly,  and.  since  some 
IKOpIc  are  naturally  slow  in  their  movements,  the  switch 
should  be  so  designed  that  the  rapidity  with  which  the 
final  bre.ik  is  made  is  inde[>cndent  of  the  rate  at  which  the 
h.andle  of  the  switch  is  moved.  Also,  since  in  any  case 
ihcrc  will  be  a  spark,  the  ba.se  and  fittings  of  the  switch 
should  Ik:  incumbustible. 

These  various  conditions  are  well  observed  in  the  switch 
depicted  in  I*"ig.  266,  and  known  as  the  ''  Diamond"  switch, 
of  Messrs.  U'lKxIhousc  and  Knwson.  The  base  of  the 
switch  is  of  porcelain,  or  some  other  fairly  good  in.sutnting 
material.  One  of  the  conductors  leading  to  the  lamps 
under  consideration  is  brought  to  a  convenient  position  and 
rut.  One  of  the  loose  ends  is  led  through  the  hole,  II.  and 
made  fast  to  the  screw  on  the  brass  block,  A.  The  i»thcr 
end  is  brought  thiough  a  similar  hole,  not  shown,  to  the 
screw  on  the  block,  C.  In  this  switch  a  fuse,  /  conncct.s 
the  block,  .'\,  to  the  block,  D,  but  a  fuse  is  not  necessary  in 
the  switches  if  there  arc  jiroper  fuses  in  well-placed  distri- 
buting boxes.  The  switch  is  shown  in  the  "on"  position, 
with  the  bridge  piece.  B,  connecting  the  blocks,  C  and  D, 
and  allowing  the  current  to  p-tss  across.  *l'o  I' 
circuit,  ot  throw  iho  switch  "ofl',"  the  in.sulaliii. 
inu.Ht  be  turned  in  a  counter  clockwise  direction.  Hits  will 
bring  the  projection,  a,  against  the  bridgcpiccc,  W,  whiclj 
can  turn  loosely  in  the  central  spindir,  A«  n  fini 
against  B,  it  lonvs  the  latter  oft'  lli 
as  soon  as  the  friction  ay'"^'  ''■• 
dtniini.>hf<l,  a  powerful  s| 
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rigidly  connected  to  B,  forces  the  latter  to  fly  sharply  ofT  the 
blocks,  thus  securing  a  very  rapid  break,  the  rapidity  of  the 
break  being  independent  of  the  speed  with  which  the  handle 
is  turned.  The  motion  of  H  is  arrested  by  a  stop-block  at 
the  back,  not  shown  in  ihe  figure. 

There  is  one  point  we  must  not  omit  to  mention,  and 
that  is  that  the  contact  between  B  and  the  blocks,  C  and  D, 
is  a  rubbing  contact,  so  that  the  continual  use  of  the  switch 
tends  to  keep  these  metallic  contact.s  bright  and  clean.  All 
good  switches  are 
designed  to  act  in 
this  wa)'. 

When  in  use, 
the  switch  is 
covered  up  with 
a  cover,  which 
may  be  made  to 
harmonise  with 
the  decoration  of 
the  room  in  which 
it  is,  as  shown 
in  l'"ig.  267,  which 
represents  a  switch 
with  the  cover  on. 

It  ni.iy  also  lie  placed  in  any  convenient  position,  cither 
inside  or  outside  the  room  in  which  the  lights  controlled  by 
it  are  fixed.  As  a  rule  the  best  position  is  just  inside  the 
oi^ning  of  the  door  at  a  height  of  about  five  feel.  When 
so  placed,  anyone  entering  the  room  in  the  dark  can  readily 
lay  his  hand  on  the  switch,  and  at  once  flood  the  room  with 
light ;  and,  also,  on  withdrawing,  a  passing  touch  is  sufliii  lent 
to  again  plunge  the  room  into  darkness. 

.A  very  convenient  and  useful  form  of  switch  for  use  with 
movable  lamps  is  shown  in  Fig.  268.  It  is  usually  referred 
to  as  a  "  wall  socket  and  plug,"  and  consists  of  two  i>arts. 


•«'^>- 


Fig.  267.— Switch  with  Oniamcntal  Cover. 
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The  lower  part,  or  soiket,  S,  is  intended  to  be  fixed  in  the 
wall  of  a  room  near  any  spot  where  a  temporary  light  may 
occnsiunally  be  required,  such  as  near  the  head  of  a  bed  in  a 
bedroonj,  or  near  the  piano  in  a  drawing-room.  So  placed, 
its  presence  may  be  almost  concealed  by  the  decorations 
near  it.  Two  conductors,  from  the  positive  and  negative 
leads  respectively,  are  brought  in  at  the  back  of  the  socket, 
and  conneclcd  to  two  hollow  brass  tubes  opposite  the  oi>en- 
ings,  .\  and  B.    The  plug,  P,  which  is  connected  by  flexible 

leads  to  some  form  of  hand  or 
movable  lamp,  c^irries  two  split 
brass  pins,  a  and  />,  which  can 
be  inserted  in  the  tubes  of  the 
socket.  These  pins  are  joined 
one  to  each  of  the  flexible  con- 
ductors leading  to  the  lamp,  and 
when  they  are  inserted  in  the 
socket  the  lamp  is  lit  up.  .\s  a 
n'tmber  of  these  sotkets  may  be 
placed  in  different  positions  the 
lamp  can  be  carried  about,  and 
lit  up  wherever  temporarily 
required. 

Lamps — We  now  corac  to  the  lamps  and  their  fittings. 
The  almost  |)crfect  ada|)tability  of  the  glow  lamp  to  all 
purposes  of  artificial  illumination,  is,  perhaps,  most  fully 
displayed  in  the  variety  of  the  fittings  designed  for  use  with 
it  It  cm  be  worn  in  the  buttonhole  or  in  the  h.iir,  plunged 
under  water,  or  brought  near  delicate  fabrics,  such  as  lace 
curtains,  from  which  all  other  kinds  of  lights  have  to  Im; 
kept  at  a  distance.     It  can  han^  downwards,  or  l»    '  ' 

upwards  or  sideways,  at  will.     Kor  all  these,  and  n 
other  jmrposes,  fittings  have  been  designed,  wli'  *1 

be  impossible  for  us  even  to  attempt  to  A 
may  l)c  cither  strictly  jilain  and  severely  0' 
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appearance,  or  liiglily  artistir  and  decorative,  and  may  be 

made  to  harmonise    with  any  sur 

roundings. 

When  pendent  from  the  ceiling, 
the  holder  shown  in  Kit;.  238  is 
usually  surmounted  by  an  opal  or 
other  reflector  or  shade,  to  cast  the 
upward  travelling  rays  downwards. 
In  this  case  the  lamp  can,  if  re- 
quired, be  made  adjustable  in  height, 
as  shown  in  Fig.  269,  where  tlie 
flexible  conductors,  C,  C,  C,  supply- 
ing current  to  the  lamp,  L,  pass  over 
a  fixed  pulley,  P^,  and  under  a 
movable  pulley,  P,.  the  latter  carry- 
ing a  counter-balance  weight,  W. 
In  all  cases  of  hanging  lamps  special 
devices  have  to  be  used  to  take  all 
strain  off  the  terminals  to  which  the 
conductors  are  attached  at  the  ceil- 
ing, for  such  strains  may  give  rise 
to  bad  contacts,  with  consequent 
heating  and  risk.  For  this  |)urpose 
carefully-designed  "  ceiling  roses," 
as  they  are  called,  arc  employed ; 
one  of  them  is  shown  at  the  top  of 
Fig.  269. 

We  conclude  by  illustrating 
(Fig.  270)  three  recently  designed 
forms  of  table  lamps,  which  will 
tend  to  show  the  artistic  adapta- 
bility of  the  glow  lamp.  In  these 
it  will  be  noliied  that  the  lamp 
in  A  is  surrounded  by  a  transparent 

^  whilst  thai  in   B  is  covered    Pi«»«9.-jAd)u«..bie»UnKin« 
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with  an  opaque  shadv-,  and  in  C  iIk-  lamp  is  fully  exposwL 
Each  stand  carries  a  switch  just  l)elow  the  lamp,  and  the 
conductors  are  led  up  ihro'.igh  the  rentral  column. 

Measuring  Instruments. — These  have  already  been 
fully  described    ui  a   |)revious    section    of  the   liook    (rid 


Fig.  970.     V^riouA  Furm*  of  Tablr  l^n»pK 

pages  361  and  389),     In  a  private  house  installation,  whcr 
the  current  is  generated  on  the  premises,  there  should  be  . 
voltmeter  and  two  ammeters,  one  for  the  dynamo  current, 
the  other  for  the  lamp  current. 


No  r' 
wiihoui 


mNS. 


would  be  ' 
he  liiijje  .;, 
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staliuns  whiili  liavc  been  erected  dunng  (he  last  ten 
years  for  the  [iublir  supply  of  electric  current  energy  in  all 
important  towns  in  the  civilised  world.  It  is  true  that 
many  of  the  details  of  these  stations  are  only  of  technical 
interest  to  engineers;  hut  the  general  plan  of  working,  the 
general  luelhods  cn»|)loyed.  and  much  of  the  apparatus  used, 
have  a  fascinating  interest  for  a  far  wider  circle.  No  apology, 
therefore,  is  needed  for  the  introduction  of  some  brief 
remarks  upon  them  here. 

We  do  not  propose,  just  now,  to  enter  into  the  question 
of  the  various  methods  of  the  transmission  and  distribution 
of  the  eleiUric  current  These  methods  will  be  discussed 
later  on.  For  our  jiresenl  jiurpose  we  may  classify  the 
dilTerent  stations  into  low-pressure  and  high-pressure  supply- 
stations.  The  former,  as  a  rule,  use  continuous  current 
dynamos,  wilhor  without  nccumulators,  or  secondary  batteries. 
The  latter,  as  a  rule,  generate  alternate  currents. 

For  a  typical  low-pressure  or  continuous-current  station 
we  illustrate  in  Fig.  271  the  engine  and  dynamo  room  of 
one  of  the  stations  of  the  Liverpool  Klcctric  Supply 
Company.  Each  dynamo  is  directly  loupled  to  a  WilUns 
compound  high-speed  engine,  and  any  engine  and  dynamo 
can  be  stopped  or  started  as  the  exigencies  of  the  demand 
require.  .Since  a  steam  engine  works  much  more  econom- 
ically  on  a  full  load  than  on  a  light  loail,  the  object  of 
having  so  many  engines  and  dynamos  is  to  keep  all  those 
that  are  working  at  any  one  time  as  near  full  load  as 
possible. 

The  dynamos  are  of  the  two-pole  "  undertype  "  pattern, 
described  at  page  232,  but  with  this  dilTercncc  ;  that  the  field- 
magnets,  instead  of  being  placed  upon  a  solid  bed-plate, 
with  a  non-magnetic  footstep  inlcrpjsed,  arc  suspended  by 
side-brackets,  ami  project  downwards  irr  rre 

air  sjuce  in  a  bed  plate  lonsisting  of  a  in 
Some  of  these  dynamos  were  built  by  C 
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and  others  hy  Siemens  Dros.  and  Co.  There  are  two  sizes. 
The  maximum  output  of  the  larger  ones  is  700  amperes  at 
no  to  135  volts  when  running  at  375  revolutions  per 
minute,  and  they  are  driven  by  engines  capable  of  develop- 
ing 180  indicated  horse-power.  Each  of  these  dynamos 
could,  therefore,  supply  current  to  about  1,200  glow  lamps, 
each  of  16  candle) wwer  at  100  volts,  or  to  double  the 
number  of  8  candle|»ower  lamps.  The  smaller  dynamos 
can  each  give  one  third  of  the  above  output;  they  are 
driven  at  a  higher  sp.-ed,  450  to  500  revolutions  per  minute, 
by  engines  of  60  indicated  horse-power.  Some  of  the 
dynamos  are  compound-wound,'  but  most  of  them  have 
only  a  simple  shunt  winding  on  the  field-magnets.  In  all 
cases  an  adjustable  resistance,  fixed,  as  can  be  seen,  to  the 
side  of  the  dynamo,  is  placed  in  the  shunt  cin  uit ;  by 
altering  this  resistance  the  strength  of  the  magnet  field, 
and,  therefore,  the  voltage  of  the  machine,  can  be  varied 
as  required. 

An  overhead  travelling  crane  runs  the  whole  length  of 
the  room,  so  that,  if  an  accident  hajipcns  to  any  dynamo  or 
engine,  the  damaged  machine  i-an  be  quickly  taken  to  pieces 
and  the  injureti  [wrt  replaced  by  a  new  part  kept  for  the 
puriwsc.  This  is  specially  useful  when  an  accident  happens 
to  an  armature,  as  a  spare  armature  can  then  be  inserted  in 
a  comparaiively  short  time 

The  swilchl>oard  is  at  the  far  end  of  the  room,  and  is 
not  very  clearly  shown  in  the  figure.  We  therefore  depict 
in  Fig.  272  the  essential  parts  of  the  switchboard  of  a  con- 
tinuous-current station,  selecting  one  used  hy  the  St.  James's 
and  Pall  Mall  Electric  Light  Company.  In  this  station  the 
three-wire  system,  explained  at  page  659,  is  used.  The 
upper  part  of  the  tigure  shows  the  actual  switchboard,  whilst 
the  lower  part  gives  the  details  of  the  connections,  which  are 
all  made  at  the  back  of  the  board.     The  letters  on  the  two 
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parts  of  the  figure  rorrcspond.  There  are  in  all  12  dynamos, 
10  of  which  can  each  give  1,000  amperes,  and  the  other 
two  420  amperes  each.     Two  only  of  these  dynamos,  one 
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Fig    X7(.-  Swilchboanl  ofa  Cunliiiuo'i^  (nixnl  Slalinn  .ir.il  I'Mftain  oftU 
ConiKctiuii^. 

on  each  side,  arc  diagrammatically  shown  in  ihf  I- 
of  the   figure.      From  one  of  the  tcin 
dynamo  a  lead,/,  is  taken  to  a  cot 
•ii  \h<  (Oil  oflhe  tioard.     Fiom  (j  a 
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leads  through  an  ammeter,  H,  to  the  upper  contact  of  a 
switch,  I,  the  lower  contact  of  which  is  connected  lo  a  stud, 
J.  There  are  twelve  of  these  studs,  one  for  each  machine, 
placed  midway  between  two  massive  bars  of  copper,  K.  K 
and  L  L,  to  either  of  which  any  stud  can  be  connected  by  a 
thick  strap  of  copper,  N.  One  of  the  bars,  L  L,  is  con- 
nected through  the  three  ammeters,  X,  to  three  mains,  M, 
which  form  one  side  of  the  three-wire  system,  and  the  other 
is  connected  through  the  ammeters,  Y,  to  the  mains,  M', 
which  form  the  other  side  of  the  system.  The  middle  or 
intermediate  main,  E,  is  connected  through  the  ammeter,  Z, 
to  the  other  terminals.  A,  of  the  dynamos,  as  shown  in  the 
lower  figure.  Each  of  these  terminals  is  connectetl  through 
an  electro-magnetic  cut-out,  B,  to  a  fuse,  C,  on  a  fuscboard, 
D,  at  the  side  of  the  switchboard.  After  passing  the  fuse,^^fl 
the  current  goes  into  a  common  conductor  for  the  twel\-e^^ 
machines,  through  Z  to  E.  The  electro-magnetic  cut-out, 
B,  automatically  breaks  the  circuit  if  the  current  from  the 
machine  falls  below  30  amperes.  The  current  in  the  field 
magnets,  i;,  b,  of  any  machine  is  adjusted  by  a  resistance,  r, 
placed  between  /'  and  the  corresponding  stud,  J. 

The  switches,  I,  enable  any  machine  to  be  thrown  into 
or  out  of  circuit,  and  by  the  straps,  N,  it  i-an  Ijc  connected 
to  either  side  of  the  three-wire  system.  The  ammeters,  H, 
show  the  current  given  by  each  machine,  whilst  the 
ammeters,  X  and  Y,  indicate  the  currents  respectively  oa 
each  side  of  the  system,  and  Z  shows  the  current  enterii 
or  leaving  tlie  siaiion  by  the  intermediate  main. 

Secondary  Battery  Sub  Stations.— In  connection 

with  most  continuous-current  stations  there  are  freiiuently 
secondary  batteries,  used  either  as  r. 

pressure,  or  as  reserves  to  lake  up  tli-  i 

when  the  demand  is  small,  and  somctinicx  a.s  continaoiis- 
currcnt  transformers,  for  reducing  the  pressiwe  in  a  way 
subscqumily  explained  ($*t  pw 


I 


JflGH-PRF.SSURK   SrATtOHS. 


549 


Such  a  Iwltery  sub-slation  is  depicted  in  Fig.  273,  which 
represents  a  battery  room  fitted  up  with  Crompton- Howell 
ariuiTiulators,  and  belonging  to  the  Netting  Hill  Electric 
Lighting  Company.  The  particular  tyjx;  of  secondary  cell 
used  has  been  already  fully  described  at  page  82,  but  for 
central  station  work  the  cells  are  longer,  and  contain  as 
many  as  61  plates,  30  of  them  positives,  and  31  negatives. 
Such  a  cell  is  capable  of  discharging  at  the  rate  of  500 
amptres  for  one  hour,  and  a  battery  of  50  such  cells  fully 
charged  can,  if  required,  supply  electric  energy  at  the  rate 
of  60  to  70  horse-power.  The  room  illustrated  contains  two 
complete  batteries,  arranged  in  two  tiers  on  either  side  of 
a  central  gangway.  The  lells  in  one  tier  are  permanently 
connected  together  in  the  manner  already  described,  and 
the  conductors  passing  from  one  tier  to  another  and  to  the 
swiichl)oard  are  very  massive  copper  rods  or  bars.  Some 
of  these  will  be  noticed  leaving  the  regulating  cells  of  the 
top  tier  on  the  right  hand  side.  Each  cell  is  mounted  on 
glass  insulators,  standing  on  wooden  trestles,  and  all  the 
woodwork  in  the  room  is  painted  with  a  special  acid-proof 
paint  to  resist  the  action  of  the  acid  spray  with  which  the 
atmosphere  becomes  laden  when  the  cells  are  being  charged. 

Alternate-Current  Stations.— As  a  typical  high- 
pressure  allernate-current  station,  we  depict  in  Fig.  274  the 
dynamo-room  of  the  Sardinia  Street  station  of  the  Metro- 
politan Electric  Supply  Company  of  London.  In  this  room 
there  are  len  VVestinghouse  alternators  of  the  kind  de- 
scribed and  illustrated  at  page  242.  The  alternators  are 
placed  on  the  first  floor  of  the  building,  the  driving  engines, 
one  to  each  alternator,  being  on  the  ground  floor  below. 
Each  alternator  is  driven  from  the  flywheel  of  its  engine  by 
a  bell  passing  through  the  floor  and  carefully  boxed  in  to 
prevent  accidents  ;  in  the  figure,  however,  one  of  the  covers 
has  l)€en  removed  to  show  the  drive.  The  maximum 
output  of  each  dynamo  when  running  at  1,000  revolutions 
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per   minute  is   125  amperes  al  1,000  volts,  or  nearly    x^t 

horse-power.      I'he  ficld-inagncts  are  excited  by  continuous 

current  dynamos  driven   by  separate  engines.     There  are 

three    of    these    dynamos,    each    capable    of    givifig    300 

amperes  at  100  volts,  a  current  sutlicicnt  for  the  whole 

of  the  ten  alternators.     It  will  be  noticed  that  the  room 

contains  a  travelling  crane,  which  can  be  brought  over  any 

of  the  allernators.     Thus,  the  work  of  lifting  off  the  upper 

half  of  the  field-magnets  and  replacing  a  damaged    arina- 

ture  occupies  but  a  short  time.     The  s|)are  ;umatures  will 

be  noticed  standing  ready  at  the  far  end  of  the  room. 

At  first  sight,  the  switchboard,  which  occupies  the  whole 

of  one  .side  of  the  room,  appears  very  complicated,  but  its 

[jlan  is,  in  reality,  simple.      The   centre   of  the  board   is 

reserved    for   the    dynamo    switches    and    the    measuring 

instruments  and  regulating  ap|>liances  connected  with  the 

dynamos.      In  the  lower  part  of  this  section  of  the  Injard 

are  the  adjustable  resistances,  which  arc  |)laced  in  the  I'lcld- 

magnet  circuits  of  the  various  dynamos.     The  three  central 

frames  contain  the  resistances  for  the  field-magnot  rirr  — 

of  the  continuous  current  dynamos,  whilst  the  other  1. 

five   on    either    side— contain    the    resistances    for    the  ten 

alternators.     Each  of  the  latter  circuits  is  contiolled  by  a 

switch,  and  has  an  ammeter  in  it  to  measure  the  current. 

The  two  conductors  from  the  armature  of  each  altcrr\ato 

are  brought  to  the  board  ami  are  provided  with  switch* 

and  safety  fuses     One  of  ihern  passes  through  an  amrnuler, 

to  measure  the  current.     The  pressure  is  measured  by 

voltmeter  in  the  secondary  of  a  small  "  step-down  "  Iran 

former,'  whose  primary  terminals  are  connected  to  the  two 

dynamo    conductors.       These    twenty  ammeters  .ind   ten 

voltmeters  occupy  the  upper  portion  of  the  centie  of  the 

board. 

'  The  coiutniction  of  .ilternale  current  Iroiuformers  it  docrilied  I 
\\afe  680. 
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The  unds  of  each  jiair  of  Reding  or  distribuiing  mains 
are  brought  to  the  board  on  either  side  of  the  centre,  and 
Iiolh  leads  of  a  ]iair  are  [trovided  with  switches  known  as 
"  double-jwle  "  switches.  One  conductor  of  each  jiair 
passes  through  an  ammeter,  which  measures  the  cumenL 
The  dynamos  are  not  run  in  parallel,  but,  by  simple  plug 
connections,  any  dynamo  can  be  put  on  to  any  pair  of 
mains  or  distributors,  and  a  change  can  be  made  from  one 
dynamo  to  another  with  scarcely  a  perceptible  flicker  of 
the  lamps. 

With  this  we  must  conclude  our  desiiiption  uf  Central 
Stations,  passing  by  many  interesting  scientific  problems 
which  present  themselves  in  their  wo  king,  but  which  the 
space  at  our  disposal  will  not  permit  us  to  enter  ui>on. 
l^ter  we  shall  have  something  further  to  say  about  the 
systems  of  distribution  by  which  the  electric  energy  {{caer- 
atcd  in  the  station  is  conveyed  to  the  ordinary  consumer. 

Other  Applications  of  the  Heating:  EfTeot. 

Althoiigli  the  emiiliiyinent  of  the  heating  eflect  uf  ihc 
electric  current  for  purposes  of  illumination  is  at  present  by 
far  the  most  important  of  its  applications,  it  is  by  no  mentis 
the  only  one.  The  great  advantages  of  this  method  of 
producing  heat  are,  first  of  all,  the  ease  with  which  the  heat 
generated  tan  be  concentrated  at  any  desired  ])i)int,  am 
secondly,  the  almost  perfect  control  of  the  amount  j;cn 
ated.  Our  readers  will  be,  by  this  time,  sufficiently  faniiliar 
with  the  properties  and  uses  of  the  current  to  rccn  • 
these  advantages  can  easily  be  sccuretl.  We  ihci' 
not  stop  to  discuss  ag.iin,  in  detail,  the  prin' 
tJicy  deiiend  ;  but  wc  may  proceed  at  once  i 
lions  of  those  principles  to  metallurgical  and  other  fnin 
Electric  Furnaces.— The  fn<i  that  the  ckt trie  • 

can  convey  energv  from  the  outside   into  an  hein 
closed  space,  and   tiberatc   it   llicte  in  the  fig 
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constilules  one  of  the  chief  characteristics  of  elertiic 
furnaces.  No  foreign  materials  to  support  combustion 
require  lo  be  intro<luced  into  the  furnace,  and  no  products 
of  combustion  removed.  Thus,  the  materials  to  be  affected 
liy  the  heat  are  completely  guarded  against  the  action  of 
fuel,  whilst  the  lieat  is  generated  in  their  midst  and  not 
outside  the  vessel  containing  them.  For  several  important 
metallurgical  o|K!rations  this  is  an  enormous  advantage, 
and  especially  in  the  production  of  metallic  aluminium,  to 
which  we  shall  refer  presently. 

But  not  only  is  the  electric  furnace  available  for  large 
metallurgical  o|>erattons  in  the  arts,  it  is  also  of  great  use 
to  the  chemist  in  many  laboratory  operations,  and  this  use 
of  the  furnace  will  probably  be  greatly  extended  in  the 
future  as  hs  advantages  and  convenience  become  more 
widely  known. 

Such  a  furnace  consists  essentially  of  the  electric  arc 
produced  in  the  interior  of  a  suitable  crucible  containing 
the  material  lo  be  acted  upon.  One  arrangement  of  ap- 
paratus for  the  purpose  i»  shown  in  Fig.  275.  The  crucible 
C  R  is  placed  in  a  small  chamber.  R,  made  of  refractory 
material  and  having  a  removable  screen,  K,  on  one  side. 
This  screen  for  many  operations  may  consist  of  deep  niby- 
red  glass,  through  which  the  changes  taking  place  in  the 
crucible  can  be  watched  ;  but  for  the  highest  temi)eratures 
a  more  refractory  material,  such  as  talc,  must  be  used  for 
the  screen.  The  carbons,  C  C,  are  inclined  at  right  angles 
lo  one  another  and  45"  to  the  vertical;  they  can  easily  be 
adjusted  by  hand,  and  for  large  currents  the  carbon  holders 
can  be  kept  cool  by  a  stream  of  water  circulating  through 
thcra.  The  chamber  R  has  an  opening,  B,  at  the  top,  by 
wliird  4l»*  .n««..ri.ils  can  be  introduced  into  the  crucible, 
rrangements  for  filling  the  interior  with 
The  play  of  the  electric  arc  can  be 
gnet.  A,  which,  in  some  [Mjsitions,  can 
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make  it  act  as  a  true  electric  blowpi|)e.  With  a  current 
of  12  amptres  at  55  volts  a  tem])eralure  of  3,soo"C  can  be 
atiained,  and  with  it  specimens  of  the  rare  metals  rutheniiim 
and  osmium  have  been  procured  in  sufticient  qiianiitits  (nt 
chemical  examination. 


Turning    now    t<>    heavier   work,    one   i>f  thr 
achievements  ot    the  electric  furnace   has 
duction  of  the  metal  aluminium  at  ^ 
make  it  available  for  many  ordinni 
— such  as  clay,  fclt>[)ar,    slnt 


PnoDUCTlOX  OF  Al.VMlNlUM. 

exists  are  very  plentiful  and  widely  difliised ;  but  tlie 
production  of  the  pure  iiK-t.il  from  thcin  vsas  so  difficult 
that  as  late  as  1850  its  price  was  j£"i8  10s.  a  jiound.  It 
can  now  he  produced  profitably  for  less  than  5s,  per  lb. 
It  is  white,  and  the  lightest  of  the  metals  proper,  having 
only  one-third  the  specific  gravity  of  iron  and  one-fourth 
that  of  silver. 

Of  the  various  electrical  methods  used  for  the  reduction 
of  the  aluminium  ores,  the  Cowles  relies  on  the  heating 
efTect  only  of  the  current,  whilst  others,  such  as  the  Hall 
and  the  Herault  processes,  use  both  the  heating  and  the 
electrolytic  effect.     The  former  produces  chiefly  alloys  of 


V'\t- 1;6.— Diagnxm  ofCowla'  Ekctric  Kuinace. 

aluminium,  whilst  the  latter  can  furnish  the  pure  metal  if 
^required. 

The  arrangement  of  the  Cowles  electric  furnace  is 
Bhown  diagranimatically  in  hig.  276.  It  consists  of  .n  fire- 
brick box,  C,  enclosing  a  small  inner  chamber,  D,  lined 
witli  limed  charcoal.  Carbon  rods,  A,  A',  project  into  this 
incr  cavity  ;  good  electrical  contact  for  the  large  currents 
jsed  is  scnired  by  passing  the  rods  through  boxes,  K  B', 
Sllcd  with  copjjer  shot.  The  charge  completely  fills  the 
id  consists  of  the  ore  to  be  reduced  mixed 
1  of  clcctiic-light  c.irbon  to  give  the  mass 
ciivity.  On  passing  the  current  the  arc  is 
the  ends  of  the  carbon  rods,  and  the 
tly  rises  to  the    |)oint  necessar)-  for  the 
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reduction.     The  alloy  is  drawn  oflf  as  it  is  formed  from  the 
bottom  of  the  furnace. 

In  the  other  processes  a  somewhat  more  com|>licated 
arrangement  of  apparatus  is  used.  In  the  H«?rault  process 
tlie  current  is  passed  downwanls  from  a  carbon  anode 
through  the  molten  material  to  a  carbon  crucible  forming 
the  kathode.  Alumina,  which  is  an  oxide  of  aluminium, 
is  fed  in  from  time  to  lime,  and  the  i^ure  metal  is  drawn  oft 
from  the  bottom  of  the  furnace.  Currents  of  12,000  to 
15,000  amperes  are  used,  and  the  process  is  continuous. 
.Mr.  Hall  uses  an  electrolytic  bath  of  alumina  dissolved  in 
the  double  fluoride  of  aluminium  and  potassium,  which  is 
kept  fused  by  the  heat  evolved. 

Electric  Welding- — Another  operation  in  which  the 
electric  production  of  heat  possesses  many  advantages  is 
that  of  welding.  It  is  well  known  that  many  mctaU,  of 
which  wroughliron  is  a  conspicuous  example,  jxjssess  the 
property  of  making  firm  and  good  joints  when  the  two 
pieces  to  be  joined  are  raised  to  a  white  heat  and  hammered 
or  pressed  together.  Everyone  is  familiar  with  the  village 
smithy  and  the  figure  of  the  brawny  blacksmith  hammering 
the  white-hot  iron  on  the  anvil,  not  to  mention  the  more 
massive  operations  in  which  the  Nxsmyth  steam-hammer  is 
used.  Now,  in  heating  the  iron  to  the  necessary  tempera- 
ture for  a  good  weld  in  these  old  processes,  much  more  iron 
is  heateil  th.in  that  involved  in  the  actual  weld,  and.  more- 
over, the  heating  being  usually  done  in  furnaces,  only  a 
small  proportion  of  the  heat  of  the  furnace  is  really  a{>pUcd 
to  the  iron.  The  great  advantage  of  an  electric  mclho<l  \%X 
that  the  heat  is  produced  just  al  the  surfaces  lo  be  weldcd»f 
and  that  the  greatest  part  of  it  is  usefully  employed. 

There  ate  two  principal  methods  by  which  thi 
accomplished.  In  one  a  large  electric  current  i»  mad 
flow  across  the  two  surfaces  lo  be  welded,  these  surf 
being  pressed  together  by  suitable  mechanical  •!■  ^i..' 
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great  are  the  advantages  of  this  method  that  many  metals- 
such  as  copper,  brass,  bronze,  tin,  and  others,  which  cannot 
be  treated  ai  all  in  the  ordinary  way — can  be  firmly  welded 
together  electrically.  In  the  other  method  retned  to,  the 
heat  of  the  electric  arc  is  directed  on  to  the  two  adjacent 
surfaces  that  are  to  he  welded  together. 

Dealing  with  the  methods  ni  the  order  named,  the  first 
requires  that  the  two  parts  to  be  joined  should  be  brought 
together  and  n  large  current  pa.ssed  across  the  junction. 
By  a  lar^^e  current  we  mean  one  of  considerable  magnitude. 
The  magnitude  of  the  current  required  may  be  gathered 
from  the  statement  that  to  weld  together  two  round  iron  rods 
one  inch  in  diameter  it  is  estimated  that  a  current  of  5,000 
amperes  is  necessary,  and  rods  of  double  the  diameter 
require  about  20,000  amperes.  These  large  currents, 
however,  like  those  used  in  eleclrotyping,  need  only  be  of 
low  voltage,  and,  moreover,  are  only  required  for  a  short 
time.  Thus,  the  first  of  the  above-mentioned  welds  only 
requires  the  current  for  20  seconds,  and  the  other  is  heated 
in  80  seconds. 

Two  different  ways  of  procuring  these  l.itge  currents 
may  be  adopted  in  actual  practice.  The  first  consists  in 
using  a  low  voltage  and  large  current  dynamo  similar  to 
those  already  referred  to  in  connection  with  eleclrotyping 
and  plating.  In  this  case  the  work  is  brought  close  up  to 
the  dynamo,  so  as  to  avoid  the  loss  of  power  that  would 
be  involved  if  long  leads  had  to  be  employed.  We  do  not 
j)rnpose  to  refer  in  detail  to  this  method,  as  the  proper 
dynamos  have  already  been  described,  and  the  clamps  and 
apparatus  are  much  the  same  as  are  used  in  the  other 
method. 

This  other  method  employs  alternate  currents,  with  or 
without  tr.insformers.     The  latter  instruments  will   be  fully 
described  in  a  sti1)stM|uent  section  ' ;  for  our  present  purpose 
'  Ste  page  680. 
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it  is  sufficient  to  explain  that  they  can  tr.-instorm  nn 
alternate  current  of  moderate  pressure  into  a  much  larger 
current  at  a  corruspundingly  lower  pressure.  Such  a 
weJdiii);  transformer  for  small  work  is  shown  in  Fig.  277. 
The  dynamo  current  is  hrought  to  the  transformer  by  the 
fine  wires,  and  passes  through  the  windings  on  the  lam- 
inated iron  ring.     The  alternating  magnetic  flux  so  set  up 


Fig.  t77.-S'        i 

threads  through  the  two  coils,  C  C,  each  consisting  01 
single  turn  of  heavy  <  opper.  .\t  A  and  A'  there  arc  gaps 
with  suitable  clauips  arranged  on  each  side  of  the  gap  in 
which  the  jiieces  to  be  welded  are  fixed,  and  pressed  to- 
gether by  the  levers,  llic  .'"/tffPlrti  turrcnt  flows  across 
the  joint  w!         "  '  •    T.    I 

heat  is  gen ' 

the   metal  ard  until 

the  wel<l  i^  1    -   .. 

of  two   pii' 
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completed  in  20  seconds  with  an  induced  currL>nt  uf  about 
5,000  amperes, 

The  other  process  of  welding,  known  as  the  Bernardo's 
process,  employs  the  heat  of  the  electric  arc.  The  lueials 
to  be  welded  are  connctled  to  the  negative  main  supplying 
the  current,  and  the  positive  main  is  connected  to  a  mov- 
able carbon  held  in  tlie  hand  of  the  operator  in  a  suitable 
holder.  A  convenient  form  of  holder  is  shown  in  Fig.  27S. 
The  conductor  passes  ihrough  a  wooden  handle,  .\,  in  front 


Fit;.  »78.— C4Tb'-«n  Holil'.-f  fur  .\rc  Welding. 


of  which  is  a  jiroleciing  shccl-iron  screen,  S  ;  at  the  other 
end  the  carbon  is  held  in  a  metal  clamp,  to  which  the  con- 
ductor is  <onnected.  The  cariion  is  moved  over  the  surface 
of  the  materials  to  be  welded  and  a  powerful  arc  struck 
qui<kly  raising  the  temperature  to  the  welding  or  fusing  point. 
The  method  of  using  ihe  arc  to  weld  two  upright  plates  is 
shown  in  l-ig.  279.  In  this  case  the  metal  is  actually  melted 
and  is  confined  whilst  Huid  by  the  carbon  blocks,  C  C". 
Blasting,  etc- — The  last  application  of  the  heating 
iv(j  t:an  notice  is  that  in  which  an  dcctric  fus<  is  used 
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for  igniting  gunpowder,  dynamite,  or  other  explosives,  from 
a  safe  distance,  cither  for  industrial  or  warlike  jmrposes. 

Instead  of  enii)loying  a  slow  burning  match  or  fuse,  with 
all  the  dangers  and  uncertainties  that  accompany  its  use, 
the  igniting  arrangement  consists  of  a  small  quantity  of 
gunpowder  in  a  tube.  Imbedded  in  the  jwwder  are  the 
ends  of  two  copper  conductors  brought  close  together  and 
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joined  by  a  piece  of  fine  platinum-silver  or  platintrm  iridium 
wire.     Copper  conductors  are  connected,  ihrou  Ae 

terminals,  to  flexible  leads  which  can  be  contit. 
Ijailery  and  switches  at  a  safe  di.stancc.  On  . 
current,  the  little  bridge  of  platinum-silver  wi' 
white-hot  and  ignites  tlie  powder,  which,  in  it 
the  full  charge  for  the  blast.  Such  fuses  can  ol 
used  for  submarine  mines,  and  in  other  « 
ordinary  slow  fuses  arc  out  of  the  i|iicNtir 


56  J 


CHAPTER    XIIT. 
APPLICATIONS    OF    THE    MAGNETIC    EFFECT. 

However  interesting  and  splendid  the  applications  of  the 
Thermal  efTect  of  the  electric  current  may  be,  they  have  not 
as  yet  become  of  such  enormous  social  or  financial  import- 
ance as  the  applications  of  the  Magnetic  effect,  though  in 
process  of  time  it  is  possible  they  miy  rise  to  an  e(|ual,  if 
not  to  a  higher,  position. 

We  have  brietly  referred  in  our  introductory  lines  to 
some  of  the  profound  changes  which  the  development  of 
the  electric  telegraph  has  wrought  throughout  the  social 
fabric  of  modern  life,  and  the  spread  of  telephonic  com- 
munication is  even  now  intensifying  and  consolidating  those 
changes.  Whether  the  changes  have  brought  with  them  a 
substantial  addition  to  the  sum  total  of  human  happiness,  it 
is  not  for  us  to  discuss  here,  though  we  may  freely  admit 
that  the  blessing  has  not  been  an  unmixed  one.  But  turn- 
ing from  the  social  to  the  scientific  aspect  of  the  question, 
no  thoughtful  man  can  be  blind  to  the  wonderful  results 
that  have  been  achieved— results  which,  throughout  the 
limits  of  this  small  earth  of  ours,  have  almost  succeeded 
in  annihilating  lime  and  space  in  placing  man  in  com- 
munication with  his  fellow-men,  and  which,  in  this  respect, 
have  outstripped  the  wildest  dreains  of  even  the  poets  of 
former  ages. 

At  iir»'Heiu.  not  only  socially  and  scientifically,  but  also 

ipital  invested  and  in  the  numbers  who 

erein.  the  electric  telegraph  takes  pre- 

pplications  of  electricity  to  the  service 
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of  mankind.  That  this  ij  the  case  will  Ijc  admitted  when 
we  stale  that  the  total  length  of  the  land-lines  constructed  to 
the  end  of  1891  was  2,00^,402  miles,  and  the  submarine 
cables  at  the  same  date  were  164,610  miles  long.  The 
money  value  of  these  land-lines  is  estimated  to  l>e  over 
63  millions  sterling,  and  the  amount  of  private  capital 
embarked  in  cable-work  was  over  36  millions,  exclusive 
of  the  value  of  the  cables  owned  by  various  Governments, 
These  figures  far  exceed  anything  that  cleclric  lighiing  can, 
as  yet.  approach. 

In  dealing  with  the  applications  of  the  magnetic  effect, 
we  shall  first  treat  of  the  electric  telegraph,  and  then  pass  on 
to  the  siill  more  wonderful  achievements  of  the  telephone  ; 
after  that  there  will  only  remain  some  minor  applications — 
not,  however,  unimportant  in  their  way — such  as  electric 
bells,  fire  and  burglar  alarms,  electric  time-keeping,  and  so 
forth. 

The    Electric   Telegraph. 

Historical — It  m.iy  surprise  some  of  our  younger 
readers,  who  have  not  in  their  lifetime  witnessed  the  rapid 
development  of  the  last  fifty  ycirs,  to  be  lold  that  the 
whole  history  of  electric  telegraphy  is  to  be  sought  within 
a  jieriod  of  less  than  one  hundred  and  fifty  years.  Even 
those  apparently  ubiquitous  inventors,  the  Chinese,  have  not 
been  able  to  put  in  a  claim  that  in  this  direction  they  fore- 
stalled the  outer  barbarians  by  a  few  odd  thousands  of  years. 
Thus  the  triumphs  of  the  telegraph  can,  without  fear  of 
ciintraditlion,  be  entirely  ascribed  to  Western  civitis.-ition, 
science,  and  enterprise. 

Short,  however,  though  the  time  i 
might  be  supposed  to  ■' 
atlemjJls  to  communicu 
electricity.     This  is  due  to  the  fact  tt 
not  attract  much,  if  xny,  not'^^   ^' 
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records  are,  therefore,  often  buried  in  unknown  and  non- 
scientific  publications. 

The  first  actual  attempt  on  record  was  made  by  an  ex- 
lierimenter  who  described  his  method  in  an  anonymous 
letter,  dated  the  ist  of  February,  1753,  and  published  in  tlie 
Scots  Magasi»e,  in  Edinburgh,  over  the  initials  "  C.  M." 
There  is  very  little  doubt  now  that  the  writer  of  this  letter 
was  Charles  Morrison,  of  Greenock,  and  that  his  desire  to 
conceal  his  identity  was  due  to  the  fear  that  his  neigh- 
bours should  attribute  his  experiments  to  witchcraft. 
Indeed,  he  does  not  seem  to  have  thus  disarmed  his 
fanatical  and  bigoted  friends,  for  eventually  he  was  com- 
pelled to  emigrate  to  the  New  World,  it  is  supposed  to 
escape  their  persecutions. 

"C.  M.'s"  method  consisted  in  connecting  two  places  by 
twenty-six  separate  wires,  one  for  each  letter  uf  the  alphaliet. 
These  wires  were  supported  on  suitable  poles  and  insulated 
with  jeweller's  rcmenl.  'I'he  ends  were  jflaied  in  con- 
venient positions  for  being  separately  electrified  by  means 
of  a  frictional  machine  when  sending  a  message,  and  when 
receiving  a  suspended  ball  connected  to  each  wire  was  so 
j)laced  that  on  electrification  it  attracted  a  piece  of  paper 
on  which  a  letter  of  the  alphabet  was  inscribed.  By  the 
successive  risings  of  the  different  pieces  of  pa))er  a  message 
could  be  spelled  out.  Various  devices  to  facilitate  the  work- 
ing were  also  described  in  tiie  letter. 

Durmg  the  eighty  years  that  followed  "C.  M.'s"  letter  to 
the  Scots  Afagasifte,  various  proposals  were  made  from  time 
to  lime  with  the  view  of  utilising  electricity  for  purposes  of 
communicating  between  distant  places.  ^^  Before  Volta's  dis- 
coveries the  only  means  available  were  sudden  discharges 
Bcnt  along  conductors  from  frictional  electrical  machines  or 
from  Leyden  jars  In  1774  Le  Sage,  of  (.Jcneva,  and  in 
1795  Salva,  pro[)osed  that  the  different  <:onductors  should 
'le  made  up  into  a  cable  instead  of  being  kept  apart  as  in 
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"  C.  M.'s  "  experiments.  In  1787,  however,  Lomond  showuc 
that  the  twenty-six  wires  might  be  reduced  to  one.  Chapjx:! 
the  inventor  of  the  semaphore  telegraph,  tried  a  system  oi 
t-lcctric  telegraphy,  but  the  most  practical  attempt  with  the 
above  me.ins  was  made  by  Sir  Francis  Ronalds  in  1823 ;  and 
we  regret  that  we  have  not  space  to  describe  Ronald's  tele- 
graph in  detail.  He  used  the  discharges  from  a  cylindric 
electric  machine,  which  he  sent  through  a  wire  enclosed  in 
thick  glass  luix-s  and  laid  in  wooden  troughs.  At  the  distant 
end  these  discharges  caused  a  pair  of  piih  balls  to  diverge  at 
the  instant  when  two  synchronously  moving  dials  at  the  two 
ends  cx])0.sed  the  rci^uired  signal.  The  chief  practical  ditR- 
culty  in  all  dicsc  attempts  was  that  of  insulation.  The 
currents  used  were  of  such  high  voltage  that  tin-  insulatinn 
of  the  cotiduclors  was  speedily  broken  down. 

But  Volfa's  and  (lalvani's  discfiveries  placed  al  llic  iIls--, 
posal  of  the  inventor  a  low  voltage  current  which  could  be 
maintained  at  pleasure  for  an  indefinite  jieriod  of  time. 
Accordingly  we  find  that  as  early  as  1800  Salva  propo.sed 
to  use  galvanic  currents  for  signalling  puriwses.  As  yet 
however,  all  the  properties  of  the  current  had  not  been 
discovered  and  investigated,  and  accordingly  Salva  em|>loyed 
as  his  receiving  apparatus  frogs'  legs,  prepared  and  cunnectc4 
up  as  in  Galvani's  classical  experiment.  I^ter(i8o9),  when 
the  chemical  eflcct  of  the  cuncnt  was  better  understood, 
Sommering  invented  the  electrolytic  telegraph,  shown  in 
I'ig.  2S0.  The  current  was  obtained  from  the  Volta  I'ile  seeo 
at  the  hack;  the  sending  in.strument  on  the  right  was  simply 
a  convenient  arrangement  of  twenty-seven  contact  [ticcci, 
by  which  the  coil  could  be  connected  ""  "■  'if  nil  «itii  ino 
pair  of  the  twenty-seven  wires  by  whi' 
receiving  instrument  un  llie  left.  K*tlt  ■••^>>i  "«•»  i.ii't «  1 
a  particular  letter  or  sign  maikcd  opp' 
wire  ended  in  a  gold  pin  fixed  in  t 
box  containing  acidulated  water,     W 
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along  any  particular  pair  of  wires,  hydrogen  ;ind  oxygen 
were  liberated  at  the  respective  pins,  and  thus  the  signal 
was  indicated.  With  this  apparatus  Sommering  telegraphed 
through  wires  2,000  feet  long,  but,  for  obvious  reasons,  it 
never  came  into  practical  use. 

The  discovery  of  the  magnetic  eflfect  of  the  current  by 


Fig.  280. — SommeringS  Elcctrclytic  Telcsraph. 


Orsted  in  1820  entirely  changed  the  aspect  of  the  question  ; 
but  still  it  was  not  until  thirteen  years  later  that  a  practically 
successful  icsult  was  obtained.  Ampere  in  1820,  Fechner 
in  1829,  and  Ritchie  in  1830,  successively  attacked  the 
problem,  but  did  not  produce  anything  practical  ;  they  each 
jA  se|)arate  circuits  for  each  signal  that  had  to  he  trans- 
ed.      Schilling  in  183?,  using  Sihweigger's   Multiplier 
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(page  338),  iind  only  a  single  metallic  circuit,  was  much 
more  successful.  The  different  letters  were  indicated  by 
different  combinations  of  the  movements  of  the  nee<llc  ol 
the  multiplier  to  one  side  or  the  other,  and  thus  Schilling's 
Telegraph  was  not  only  the  forerunner  of  the  needle  instru- 
ments afterwards  so  extensively  used,  but  also  of  the  now 
widely-known  Morse  code. 


Fin.  »S» 
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Gauss  and  Weber  (1833)  still  further  developed  St;lii|^ 
ling's  Telegraph  ;    they   replaced    the  light   needle  of 
nuiltiplier  by  a  heavy  suspended  magnet   nearly 
long.     This  magnet  had  a  mirror  attached  to  »t,-j 
ments  of  which  were  observeil  bv  nuMiis  of  a  t« 
scale  ;  and  thus  (his  telegraphic  doiie  was  the 
the  much  more  sensitive  "mliror  ' 
desciilicd. 
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The  year  1837  marks  an  imporlant  epocli  in  the  develop- 
raent  of  elcoirii:  telcgr.ipliy.  Simultaneously  ami  independ- 
enlly  in  tiirce  different  countries  practical  solutions  of  the 
problem  wore  worked  out.  The  honour  must,  therefore, 
be  shared  between  Whcalslone  an<l  (!ooke  in  England 
Morse  in  the  United  Slates,  and  Steinheil  in  Germany. 

Wheatstone  and  Cooke's  first  telegraph  is  represented  in 
Fig.  181.  Five  circuits  were  employed,  in  each  of  which 
was  placed  a  galvanometer  coil  and  a  break-circuit  key. 
The  keys  can  be  seen  at  the  front  of  the  ap[)3ratus,  but  the 
coils  are  at  the  back,  and  each  surrounds  one  needle  of  an 
astatic  pair  (page  339)  of  which  the  other  needle  is  seen  at 
llie  front.  The  astatic  needles  are  on  pivoted  axes,  and  are 
weighted  so  that  each  pair  stands  vertically  when  no  current 
is  passing  through  its  coil.  On  the  passage  of  a  current 
through  any  coil,  the  corresponding  needle  deflects  to  one 
side  or  the  other,  and  by  the  simultaneous  movement  of 
two  needles  any  lariicular  letter  is  indicated  as  shown  on 
the  diamond  shaped  dial.  An  instrument  of  this  kind  was 
placed  at  each  end  of  the  line,  and  the  signals  were,  there- 
fore, made  simultaneously  at  both  places.  The  great  dis- 
advantage of  this  apparatus  was  that  it  required  five  wires 
for  each  complete  line,  and  thus  was  somewhat  costly.  The 
London  and  Biimingham  Railway  used  it  over  a  distance 
of  I  J  miles,  and  the  Cireat  Western  constructed  a  line  39 
miles  lont;,  liui  would  not  incur  the  expense  of  a  longer 
one. 

Wlicatstone  s  great  ditlicully  at   first  was   to  construct 

clcclro-niagnets    which    could    be    worked    through    long 

circuits.    The   law  of  the  electro-magnet  (given  on  page 

1---  •■■■     Tilt   then   generally   known,   though    in    all    its 

had  been  discovered  by   I'rofessor  Henry  in 

in  1X31.     An  electro-magnet  was  usually 

ny  gauge  of  wire  that  happened  to  be  at 

int,   without   reference  to  the  current 
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available  for  exciting   it.      The  true  law  appears   to  hav4 
been  pointed  out  by  Henry  himself  to  Wheatstone,  whoml 


N 


Fig.  iSj.— Monc't  Finl  T«Ujra|>li. 

he  visiiiii  at  King's  CoUcse  in  April,  i8j{7.  and  aitc 
the  alxjvc  (iirticulty  ceased  to  be  troublesome. 
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The  signals  in  Whcatstone  and  CofAe's  telegraph  were 
not  automatically  recordeJ  hy  the  apparatus.  Morse,  taking 
up  a  different  line  of  development,  attempted  from  the  fust 
to  produce  a  record  of  the  message  received.  Hi.s  earliest 
successful  apparatus  is  shown  in  Fig.  282.  It  consisted  ol 
an  electro-magnel  E  mounted  on  a  framework  cc  fixed  to 
the  table.  The  armature  of  the  electro-magnel  was  attached 
to  a  pendulum  oB,  suspended  at  o  and  carrying  a  pencil  at 
its  lower  end.  Underneath  this  pencil  a  paper  ribbon  was 
drawn  over  the  rollers  rR/,  by  means  of  the  clockwork  h. 
When  the  pendulum  was  at  rest,  the  pencil  simply  traced  a 
straight  line  on  the  paper  ;  but  whene\fer  it  was  jerked  to 
one  side  by  the  pull  of  the  electro-magnet,  the  line  became 
zig-zag.  The  sending  instrument  used  to  produce  the  pre- 
arranged signals  is  shown  at  the  lower  part  of  the  figure.  A 
pivoted  lever  LN  was  weighted  at  one  end,  N,  and  at  the 
other  carried  a  spanner,  which,  when  that  end  was  de- 
pressed, completed  the  circuit  by  connecting  the  two 
mercury-cups  V.  To  raise  the  end  N  of  the  lever,  and 
so  depress  the  far  end,  a  series  of  metal  types  of  the  shape 
shown  at  i  and  3  were  set  in  a  frame,  and  were  passed 
underneath  a  projection  below  N,  thus  raising  the  lever  and 
alternately  making  and  breaking  the  circuit  at  V.  In  this 
way  the  pendulum  i>B  was  alternately  attracted  and  released, 
and  a  zig-zag  line  written  on  the  paper  rRr'.  At  first, 
Morse  used  nine  tyjxrs,  representing  the  first  nine  figures, 
1-9,  and  he  constructed  a  code,  according  to  which  dif- 
ferent combmations  of  the  figures  were  to  represent  different 
words.  Later,  this  was  replaced  by  the  well-known  Morse 
code,  which  wc  shall  refer  to  presently.  A  specimen  of  the 
writing  of  this  machine  is  given  in  Fig.  j8,v  The  numbers 
mean  -^rrcriWnH  I..  >u  \^^  "Successfiil  .\ttempt  with 
Tc 

stead  of  battery  currents,  in- 
:d,  which  were  obtained  by 
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moving  a  pair  of  coils  past  the  poles  of  a  powerful  ma^nel, 
and  the  api)aratus  was  so  arranged  that  a  current  could  be 
sent  in  either  direction  at  pleasure.  At  the  receiving  end 
these  currents,  passing  through  a  coil,  acted  upon  one  or 
other  of  two  balanced  magnets,  causing  the  magnet  mo%'e<I 
either  to  strike  a  bell  or  make  a  mark  on  a  moving  ribbon 
of  ]wper.  The  strokes  on  the  bells  or  the  marks  on  the  pajjer 
represented  certain  letters  according  to  a  pre-arranged  code. 
The  greatest  service  that  Sieinhcil  rendered  to  telegraphy 
was  the  discovery  of  the  possibility  of  using  the  earth  .is  the 
return  p.irl  of  the  cinuit.  Previously  double  wires  at  least 
had  been  thought  riecessary— one  to  convey  the  current  to 
the  distant  end,  and  the  other  to  bring  it  back.     Steinheil 


II?  0        '. 
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discovered  that  one  of  these  wires  could  be  dispniseci  wit 
by  connecting  the  two  points  of  the  circuit  between  which 
it  should  |)ass  to  large  pkites  sunk  in  the  earth.  The  eaith, 
being  a  conductor,  acted  instead  of  the  return  wire,  for, 
although  (he  materials  of  the  earth  are  not  as  good  con- 
ductors as  co])per  or  iton,  the  low  conductivity  is  com- 
pensated for  by  the  enormous  mass  of  the  conductor.  In 
fact,  both  calculation  and  experiment  show  that  the  re- 
sistance of  this  return  jtath  is  very  small,  being  in  '  •  '  rU 
of  the  distance  apart  of  the  earlli-plates,  and  onl'  ,g 

on  their  siic  and  the  continuity  of  their  '  rv- 

nexion  to  earth.  I'his  is  a  most  curious  i 
the  additional  one  that,  however  many  c 
lieing    used    by   tlilTfreni   iit«'  ''lO 

euirent  finds  lis  Way  back  tu '.  v 
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The  aliove,  the  first  early  successful  attempts  at  electric 
telegraphy,  were  made  in  1837.  During  the  intervening  years 
great  improvements  in  details  have  been  introduced,  without 
which  the  telegraph  could  not  have  been  a  commercial  and 
social  success.  Though  interesting,  it  would  be  tedious  to 
follow  these  improvements  step  by  step,  and  we  therefore 
pro|)ose  now  to  omit  the  intervening  period,  and  to  describe 
a  few  of  the  more  important  and  widely-used  modern 
systems  and  instruments. 

MOUEKN    OvtRLAND  TelEGR.^PHV. 

The  fundamental  principle  upon  which  the  working  of 
all  modern  electric  telegraphs  de[>ends  is  extremely  simi)Ie. 
The  reader  is  already  familiar  with  the  fact  that,  although 
the  necessary  electric  pressure  be  present,  no  electric  current 
will  llow  unless  a  complete  conducting  circuit  be  provided. 
A  short  non-conducting  gaji  in  oiiy  part  of  the  circuit  will 
prevent  the  flow  of  the  current,  and  therefore  prevent  the 
production  of  its  characteristic  effects  in  any  other  farl  of 
the  circuit.  In  order  to  communicate  between  two  distant 
points,  wc  have,  therefore,  only  to  arrange  at  one  of  these 
points  a  suitable  apparatus  for  making  visible  some  effect 
due  to  the  current,  and  provide  a  complete  conducting 
circuit  between  the  two  points  containing  a  suitable  source 
of  electric  pressure.  If,  then,  a  short  gap  be  .irranged  at 
the  other  jioint,  which  can  be  opened  or  bridged  at  pleasure, 
a  series  of  signals  can  Lc  produced  at  the  distant  place, 
which  can  be  combined  into  an  intelligible  message  ac- 
cording to  any  l>rc  arranged  plan. 

'I'he  particular  effect  now  almost  universally  employed 
to  indicate  the  opening  and  the  closing  of  the  circuit  at 
the  sending  end  is  the  magnetic  effect,  in  some  one  of 
the  numerous  forms  in  which  its  presence  can  be  made 
apparent.  Practical  syslen)s  of  telegraphy  in  which  the 
chemical  effect  is  employed  have  been  devised,  and  some 
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of  them  rather  extensively  used ;  but  these  arc  now  almost 
entirely  superseded. 

Notwithstanding  the  extreme  simi)licity  of  the  funda- 
mental principle,  the  ever-increasing  requirements  of  mo<lern 
telegraphic  intercourse  have  led  to  the  elaboration  and  con- 
struction of  many  beautiful  and  some  complicated  pieces  of 
apparatus  and  systems  designed  to  satisfy  these  require- 
ments. The  opening  and  closing  of  the  circuit  at  the 
sending  end  may  be  accomplished  by  hand,  various  patterns 
of  "keys"  being  used,  or  by  simple  mechanism,  the  latter 
being  exclusively  emplojed  where  high  speed  is  required. 
Similarly,  the  receiving  instruments  may  give  visual  or  aural 
signals  which  are  not  recorded,  or  the  message  may  be 
recorded  in  pre-arranged  characters  and  read  off  subse- 
quently. In  high-speed  working  only  recortled  messages 
can  be  received,  as  the  signals  arc  far  too  rapid  to  be 
followed  either  by  the  eye  or  the  ear.  Ijistly,  various 
systems  of  arranging  the  transmitting  and  receiving  instru 
ments  have  been  devised  in  the  interests  of  increased 
economy  or  increased  speed  of  working  ;  these  will  be  mo«t 
conveniently  described  separately. 

The  Code. — The  various  instruments  and  systems  will 
be  more  easily  understood  if  the  details  of  the  signalling 
code  most  often  used  are  first  explained.  It  has  been 
already  |)ointed  out  that  Schilling  was  the  first  to  show  that 
t-ifi>  distinctive  signals  only  are  rc(|uired  to  produce  by  their 
combination  a  code  available  for  all  the  purposes  of  tele- 
graphy. The  code  now  universally  followed  is,  however, 
not  that  proposed  by  Schilling,  but  one  subsequently 
arranged  by  Morse.  In  devising  it,  Morse,  by  an  elaborate 
analysis,  arranged  the  letters  of  the  alphabet  in  the  order 

of  the  frequency  with  which  they  recur  ■■■    -—' — -  '''  ■  iod 

standard  English.     He  then  assigned  '  f«> 

the  most  frequently  rcnirring  letter-  'ic  U' 

might,    DTI    tlif    aviT  im-     tu-    trar 
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number  of  independent  signals.  In  the  following  table, 
showing  the  "  Morse  Code,"  the  two  distinctive  signals  ate 
represented  by  short  strokes  (or  doti)  and  long  strokes 
(or  dashes) : — 


a 

.    — 

)> 

b 

—  .  .  . 

q 

c 

—  .  —   . 

r 

d 

s 

c 

I 

f 

u 

fi 

. 

V 

b 

.... 

k 

--   . 

y 

1 

.  —  .  . 

z 

III 



1 

n 

—  , 

2 

0 



3 

4 

5 
6 

7 
8 

9 

o 


On  examination,  it  will  be  found  that  no  single  letter 
has  more  than  four  signals  assigned  to  it,  that  figures  are 
denoted  by  five  signals,  and  marks  of  punctuation  by  six. 

The  above  code  is  ajiplicable  wherever  two  distinctive 
signals  can  be  produced  and  observed,  and  is  very  widely 
used  for  other  purposes  than  those  of  electric  telegraphy. 
Thus  it  is  employed  for  flag  signalling  for  military  [)uri)oses 
in  the  field,  for  the  "  heliograph,"  which  commands  a  longer 
range,  for  semai)hore  signalling  between  the  vessels  of  a 
squadron,  and  also  in  other  directions. 

The   Transmuting  Inslrmiicnls. 

To  transmit  an  electric  signal  the  simplest  method  is 
to  open  or  close  a  circuit  containing  a  battery  and  a 
receiving  instrument  of  some  kind.  To  do  this  a  key  of 
the  simplest  description  is  all  that  is  necessary,  and  the 
working  conditions  iue  amply  fulfilled  in  a  key  invented  by 
Morse  himself,  and  widely  used. 

The  Morse  Key. — One  form  of  this  key  is  illustrated 
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in  Fig.  384.     It  consists  of  a  straight  metal  lever  bit,  pro-] 
vided  with  a  handle  G,  and  rocking  about  an  axle   DD'. 
At  the  back  end  of  the  lever  is  a  contact  point  resting  on  a] 
knob  c  projecting  from  a  slab  N  of  brass.     The   contact] 
point  can  be  adjusted  by  the  screw  S  and  the  lock  nut  s. 
This  point  is  always  brought  into  contact  with  c  by  the  pull 
of  a  spring  /  whenever  the  handle  G  is  released.     Another 
contact  piece  is  fixed  on  the  under-side  of  the  lever  near  ihcj 
handle,  and  when  the  latter  is  depressed,  strikes  against 
jirojection  a  fixed  on  the  brass  block  V.     The  axle  DD' 


mounted  on  a  third  brass  block  M,  and  wires  to  connect 
the  various  blocks  to  the  telegraph  lines  or  the  instruments,^ 
as  may  be  required,  can  be  attached  to  the  screws  m^ 
and  V.     It  therefore  follows  that,  when  the  handle  C 
depressed,  the  wires  atta<  bed  to  the  blor.ks  M  and  V  at 
clertrically  connected  through  the  axle  HD',  the  I 
and  the  contacts  at  a.     On  the  other  hand,   whcu 
released,  the  wires  attached  to  M  and  N  arc  in  cl« 
communication. 

Tut.    Doi'nLE-CuRRkM     Kev.— in   some  sjsf 
telegraphy  which  are  largely  used  in  (his  country^  ih 
required,  when  sending  a  signal,  to  /  nr 

is  already  flowing  on  the  line,      Thi  i. 
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movable  levers  consist  of  two  brass  pieces  A  and  B, 
mechanically  connected  together,  and  fonning  a  single 
lever,  but  electrically  insulated  from  one  another  by  a 
block  of  ebonite  placed  between  them.  At  the  back 
of  the  enclosing  cylinder  there  are  four  posts — two  long 
ones  placed  centrally,  and  carrying  contact  springs  a  .ind 
i>,  which  project  over  contact  [Joints  on  A  and  B ;  and 
two  short  posts,  one  on  either  side  of  the  others,  and 
carrying  brass  blocks  c  and  d,  on  which  two  short  arms, 
projecting  at  right-angles  from  the  ends  of  A  and  B,  rcsL 
Contact  is  made  on  these  lower  blocks  when  the  handle  (t 
is  at  rest,  the  levers  being  held  down  on  them  by  a  spring  , 
but  when  0  is  depressed,  the  lever  contacts  are  tr^jnsfcrred 
from  c  and  d  to  a  and  />.  The  contacts  n  and  d  are 
electrically  connected  to  one  another  and  to  the  binding- 
screw  Z  by  wires  underneath  the  baseplate  ;  b,  c,  and  C  are 
similarly  connected.  The  wires  from  the  battery  are  brought 
to  the  screws  C  and  Z,  whilst  the  two  ends  of  the  circuit 
into  which  currents  have  to  be  sent  are  brought  to  the  front 
binding-screws  I.  and  N.  In  the  front  of  the  key  there  is 
lever  S,  which  can  be  moved  horizont.'illy.  When  this  lever 
is  nu)ved  to  the  side  niarked  "  Send,"  it  operates  a  switch, 
which  electrically  joins  the  binding-S(;rews  L  and  N  re- 
spectively to  the  levers  A  and  B.  With  S  in  this  position, 
therefore,  when  the  key  is  at  rest,  the  screw  I,  is  connected 
through  A  and  the  coiitict  c  with  the  (wsitive  pole  of  the 
battery  joined  to  C  :  whilst  N  is  connected  to  the  negative- 
pole  through  B,  d,  and  '/,.  A  current,  therefore,  flows  through 
the  outer  circuit  from  I.  to  N.  On  depressing  G,  the  coo 
ncctions  of  L  and  N  to  the  batter)'  are  reversed.  L  become!! 
joined  to  Z,  the  negative  terminal,  tliiough  A  and  a,  whilsl 
N  is  joined  to  C,  the  positive  t.""'i"i  iin, .n-ii  h  |u,j  ^_ 
The  current  now  flows  in  the  o|  -■.,  from 

N  to  L.     Thus,  when  i' 
between  I .  and  N  is  rc\ 
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When  the  switch  S  is  moved  to  the  sidt-  marked  "  Re- 
ceive," ihe  levers  A  and  11  are  dis(;oni)ccted  from  i,  and  N, 
so  that  the  depression  of  G  produces  no  eflei  t  on  the  circuit. 
But  simuhaneoiisly  N  is  directly  connected  to  the  fifd*  bind- 
ing S'Tcw  M,  to  which  the  wire  going  to  the  receiving  instru- 
ment is  made  fast.  A  current,  therefore,  arriving  at  N  from 
the  distant  station  passes  on  through  M  to  the  receiving 
instrument  without  going  through  any  of  the  muvahle 
contacts  of  the  key. 

We  have  descrilied  the  above  key  in  detail  in  order  ilut 
our  readers  may  have  some  idea  of  how  tlie  simple  Morse 
key  has  to  be  modi(icd  to  suit  special  requirements.  Space 
would  fail  us  to  describe  M  the  varied  keys  used  for  trans- 
mitting signals  hy  /iti/i-/  in  the  different  systems  employed. 
On  the  design  ol  these  a  great  amount  of  mechanical  as  well 
as  electrical  knowledge  has  been  expended,  and  the  in- 
slrumeiils  produced  are  interesting  from  more  points  of 
view  than  one.  Other  kinds  of  transmitters,  to  be  described 
later,  are  used  in  those  systems  in  which  the  receiving  in- 
strument i>rinls  the  message  in  ordinary  t)pe -instead  of 
the  conventional  signals  of  the  Morse  codt?.  A  brief  space 
must,  however,  be  devoted  heic  to  descriptions  of  the 
mechanical  transmitters  by  which  the  highest  speeds  at- 
tained in  modern  telegraj;!)/  have  bien  rendered  possible, 
and  which  can  send  600  words,  or  about  8,000  or  9,000 
separate  signals,  per  minute.  As  about  40  words  per 
minute  is  '|uick  sendmg  for  hand  transmission,  the  above 
figures  show  how  much  more  rapid  is  the  mcciianical  methotl. 

The    Quick  Speed   Automatic   Transmitter —By 

the  transmission  of  a  t<rk'graj)liic  message  iiie<  hani' ally,  we 
mean  that  the  various  changes,  necessary  to  the  produc- 
tion of  the  ilesired  sequence  of  currents,  are  in.ide  by 
automatically-acting  niiparatus.  More  than  one  system 
of  accomplishing  this  has  been  devi.sed.  but  by  far  the 
best    known  and  most    widely    used   is    uruloubtedly  that 
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invented  originally  by  Wheatstone  and  gradually  improve 
from  time  to  time  l)y  others. 

The  process  of  transmission  is  divided  into  two  stages 
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The  central  row  of  holes  in  1-ig.  287  is  for  the  purpose  of 
|^_  drawing  the  paper  ribhon  through  the  transmitter,  whilst 
^H  the  holes  on  either  side  cnnslitule  the  message.  The  per- 
^^  foralor  (Kig.  286)  is  provided  with  three  sets  of  punches 
11^  worked  respectively  by  the  depression  of  the  three  keys  in 
^k  front.  One  of  ihcjc  keys  punches  n  single  central  hole 
^^  which  causes  an  interval  between  the  signals  preceding 
ij  and  following  iL  The  second  key  pmuhes  three  holes 
^^B  in  a  vertical  line  thus  : — ^,  and  these  cause  the  transmission 
^^Hof  the  signal  for  a  'dot''  to  the  distant  station.  Finally 
^^Bthe  third  key  punches  four  holes  arranged  thus  : — ''>'k  which 
I^K  cause  the  transmission  of  a  "  d4?h."     Thus  any  conibin.ilion 
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I  of  dots  and  dashes  representing  a  letter,  etc.,  on  the  Morse 
(code  can  be  transmitted. 

In  l''ig.  2S8  is  shown  a  diagram  of  the  chief  w^orking 

parts  of  the  ingenious  piece  of  .Tpparalus  which  acts  as  a 

transmitting  key  when  the  punched  ribbon  is  passed  through 

'  it.    A  little  wheel  W,  driven  by  clockwork  contained  in  a 

■  case  behind,  carries  a  series  of  spiikes  which  engage  in  the 

Central   row  of  holes   in   liie   peiforaled   slip  and   draw   it 

through  at  any  desited  speed.     Two  vertical  rods  S  and  M, 

(attached  to  the  ends  of  the  levers  A  and  A',  are  pressed  u[> 

wards  by  the  tension  of  the  springs  Xj  and  s^.    These  rods 

[are  so  placed  that  M  comes  opposite  the  upper  row  of  holes 

[in  Kig.  287,  and  S  opposite  the  lower  row  ;  consevjuently 

When  A  hole  in  cither  of  the.sc  rows  comes  opposite  the  end 
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of  a  rod.  the  rod  can  be  pressed  through  by  the  action  of 
the  springs.  Both  rods,  however,  are  not  free  to  move  up 
at  the  .same  time,  their  motion  heing  controlled  by  a  beam 
Y  rocking  about  its  centre  and  carrying  two  pins  P  and  P' 
which  bear  on  A  and  A'.  This  beam  is  kept  vibrating 
uniformly  by  the  same  clockwork  that  drives  \V.  Tracing 
the  levers  backwards,  we  see  that  the  upward  motion  of 
S  will  cause  the  rod  H  K  to  move  to  the  right,  and  that  of 
M  will  iiKive  HK'  to  the  right.     These  latter  rods  act  on 
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the  contact  lever  D,  which  is  pivoted  at  U  ;  this  lever  con- 
sists electrically  of  two  parts  insulated  from  one  another 
and  connected  rcs[)ectively  to  the  two  ends  of  the  circuit 
into  which  currents  have  to  be  sent.  One  of  these  parts  is 
the  body  of  the  lever,  which,  when  rocked,  comes  into 
contact  with  one  or  other  of  the  lower  contact  points  C</  or 
7ji.  The  other  part  is  a  little  tongue  i)laced  at  the  top  end 
of  the  lever  so  as  to  strike  either  of  the  contacts  C//  or  7.u. 
Of  these  four  conlacl.s,  two,  Q.d  and  C«,  are  joined  to  the 
positive,  and  the  other  two,  Z^/and  Zw,  to  the  negative  pole  of 
f/jc  battery,  as  shown.    When  the  lever  I)  is  rocked  clockwise 


Tin-  RixKirim:  Ixstkuments, 


58" 


by  the  upward  movement  of  M,  its  lower  part  is  brought 
into  contact  will)  the  positive  pole  Cd,  and  its  upper  tongue 
into  conlact  with  the  negative  pole  Zw  .•  a  current  in  a  certain 
direction  Hows  into  the  circuit  of  which  these  two  parts  form 
the  terminals.  On  the  other  hand,  when  the  lever  is  rocked 
counter-clockwise  by  the  motion  of  S,  it  is  easily  seen  that  a 
current  in  the  opposite  direction  flows  into  the  same  circuit. 
The  former  current  is  the  "  marking  "  current,  causing — in  a 
manner  to  be  jiresently  explained — a  mark  to  be  made  on 
the  ribbon  of  the  receiver,  whilst  the  latter  is  the  reverse,  or 
"  spacing,"  current,  during  the  continuance  of  which  no 
marks  appear  at  the  distant  end. 

Referring  now  to  the  diagram  of  the  imnched  slip,  it 
will  be  seen  that  for  a  Morse  "  dot "  the  two  holes  on  either 
side  are  opposite  one  another,  and  consequently  a  "  mark- 
ing" current  is  immediately  followe<l  by  a  "spacing"  current, 
and  the  former  has  only  time  to  write  a  "dot."  But  when 
the  lower  hole  is  displaced  to  the  right  of  the  upper  one  (as 
in  the  Idler  "  T  "),  ihe  "  spacing,"  or  reverse,  current  follows 
the  marking  current  at  a  longer  interval,  and  therefore  a 
"  dash "  is  written  down.  With  this  transmitter  the  high 
speed  of  600  words  per  minute  has  been  attained— a  wonder- 
ful triumph  when  it  is  remembered  that  this  is  about  four 
times  as  (iist  as  an  ordinary  rapid  spe;ikcr  lilks. 

T/ie  Ntceiviiig  Imtnimeiils. 

As  already  rcn>arked,  these  may  be  either  non-recording 
instruments  delivering  an  audible  or  a  visual  message,  or 
they  may  be  recording  instruments,  which  write  down  or 
print  the  message  in  some  convenient  manner.  In  each 
class  there  arc  many  varieties,  and  we  select  for  description 
one  iVom  each  which  is  most  widely  used  in  this  country. 

The  Sounder  and  Bell.—  Of  all  telegraphic  receivers 
the  simplest  is  the  "Sounder."  It  consists  of  an  ordmary 
two-limb  electro  magnet  arranged  to  attract  a  b.ir-armaturc. 
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When  the  armature  is  atintcted,  a  piece  of  mcUl  connected 
lu  it  strikes  ngainxt  a  slop,  iiKtking  ;in  auiliblc  soiiiul.  On 
the  cessation  of  the  current  tht-  arniaturi-  is  pulled  off  by  a 
S|>ring,  and  the  piece  of  metal  strikes  against  another  stop, 
giving  a  slightly  difTcrent  sound.  An  export  auditor,  with- 
out looking  at  the  instrument,  can  distinguish  between  these 
sounds  and  tell  how  long  the  riirrcnt  has  been  kept  on. 

The  briefest  current 
signifies  a  "  dot  "  on 
the  Morse  code,  anil 
a  current  kept  on 
three  timc^  as  long 
represents  a  "  dash." 
The  intervals  be- 
tween the  signals  d 
the  same  letter  are 
equal  to  the  time 
for  a  "  dot  ";  between 
the  letters  of  a  word 
the  interval  is  equal 
to  three  "  dots." 
whilst  between  se|)ar- 
atc  words  it  is  five. 

A  modification 
of  the  "Sounder.'* 
known  as  the  "  Bell," 
is  shown  in  Fig.  289.  The  electromagnet  fC  and  its  arma- 
ture  A  can  easily  be  distinguished.  The  latter  can  move 
about  the  pivoted  axle  X,  with  which  it  is  connected  by  a 
cross-arm  of  brass,  a  prolongation  of  which  carries  the  hall 
B.  Underneath  the  Litter  is  the  metal  plate  M,  free  lo 
vibrate,  and  so  adjusted  that  U  strikes  it  when  the  armature 
is  attracted.  The  spring  S,  the  tension  of  which  can  be 
adjusti.'d,  pulK  the  arniatiite  off  when  the  current  ctaan. 
The  signals  are  read  in  the  m'inner  just  explained. 
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III  some  sybtcms  two  ''  Bells  '  timed  to  difTerent  notes 
are  used.  One  of  lliese  is  Ktruck  when  a  current  in  a 
certain  direction  is  received,  and  the  other  on  the  re- 
ception of  a  reversed  current.      In  this  case  the  different 


fig.  •9Ck— The  Slnitk-Netdlc  ln«irum«nt. 

tones  of  the  bells  represent  respectively  the  dots  and  dashes 
of  the  Motse  codt.". 

The  Single  Needle   Insttument— The  instrument 

still  most  widely  used  f'-  f  '  Single 

Needle,"  which  is  f>  .alvano- 

scope  having  a  ^  'O*"  '" 
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Fig.  190.  The  magnclic  syslem  ronsisis  of  a  magnetic 
needle  mounted  on  a  horizontal  axis  and  so  weif^hted  that 
it  stands  vertically  when  no  current  is  passing  through.  On 
the  same  axis  is  the  pointer  seen  in  front  of  the  dial,  liehind 
wliiih  the  coils  are  hidden.  The  needle  moves  either  clock- 
wise or  counter-clockwise,  according  to  the  direction  of  the 
current.  A  movement  of  the  top  end  to  the  left  is  equiva- 
lent to  a  "dot,"  and  a  movement  to  the  right  to  a  "dash," 
on  the  Morse  code  In  railway  work  various  speci.il  signals 
are  used.     The  handle  seen  below  the  dial  is  coriueried  to 
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the  transmitting  pait  of  the  instrument,  which  is  a  reversing 
commutator.  When  the  hnndle  is  moved  to  the  left,  a 
current  is  sent  which  deflects  the  needle  counlcr-dockwise, 
but  when  it  is  moved  to  the  right  it  causes  a  deflection  in 
the  oiiposito  <liie^tii>n. 

The  Morse  Ink  Writer.— Turning  now  to  the  re- 
cording instruments,  we  shall  confine  oiu-  remarks  to  the 
liest  known  of  these,  the  "  Ink  Writer."  This  mstrumcnt 
has  some  parts  in  common  with  the  "  Fast-Speed  Trans- 
mitter"  already  descrilied.  Thus  a  strip  of  paper  is  drawn 
through  the  insinuncnl  by  clockwork  c)nt,iincd  in  the  box 
on  the  left  of  Fig.  »gt.     In  this  case,  however,  the  paper  14 
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not  perfornled,  liut  is  drawn  l)y  ihe  Iricliun  of  rollers  from  a 
horizontal  coil  of  paper  contained  in  the  drawer  beneath. 
Against  this  band  of  jiaper  as  it  passes  over  one  of  the 
rollers  is  ]<ressed,  whenever  a  current  is  received,  the  upper 
rim  of  a  wheel  whose  lower  part  dijjs  into  an  ink-well,  which 
thus  inks  the  rim.  The  inking  roller  r  and  the  electro- 
magnetic arrangements  are  sht)wn  on  an  enlarged  scale  in 
Fig.  iCfi.     !•■  is  the  armature  of  a  two  limb  electromagnet 
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li  and  is  attached  to  one  end  of  a  lever  which  moves  about 
H  as  a  fulcrum.  'I'he  other  end  of  the  lever  carries  the  ink- 
ing roller  r,  so  that  whenever  F  nioves  downwards  by  the 
attraction  of  the  njagnet,  r  moves  upwards  and  comes  into 
contact  with  the  hand  of  paper  whi(  h  is  travelling  above  it. 
As  long  as  the  i  oiitact  continues,  r  n»akcs  a  mark  on  the 
paper:  but  as  soon  as  the  current  censes,  the  spring  S  pulls 
the  armature  F  ofi'  the  ma£net,  and  moves  r  out  of  contact 
with  the  fiaper.  'I'hus  lines  of  any  desired  length  can  !)e 
made  on  the  pajjcr,  and  a  message  written  according  to  the 
Morse  code  given  on  page  573.      For  instance,  the  word 
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shown  as  perforated  for  the  transmitter  on  p^e  579  would 
appear  llius  :  — 


The  movements  of  the  lever  are  hniiied  by  the  projecting 
tongue /(Fig.  292)  moving  between  adjustable  slops.  In 
Fig.  291  the  lever  on  the  right-hand  is  an  ordinary  Morse  key 
for  sending  a  message,  and  the  little  galvanometer  at  the 
back  is  to  show  that  currents  are  actually  passing. 

The  fast-s|)eed  receiver  diflers  somewhat  in  its  mechanical 
details  frum  the  instrument  just  described,  but  the  principles 
used  are  the  same,  so  that  it  is  unnecessary  to  give  a  se|iatate 
description  of  it. 

Relays. — If  the  telegraphic  stations  be  far  apart,  the 
connecting  conductor  necessarily  has  a  high  resistance 
When  this  is  the  case,  increased  battery-power  is  requircti 
to  produce  the  currents  necessary  to  work  the  instruments 
above  dcsrtiljed.  Such  an  increase  is  expensive,  and,  more- 
over, leads  to  other  troubles.  A  very  ingenious  way  ol 
getting  over  the  conse»|uent  difficulties  is  to  use  a  piece  of 
apparatus  invented  by  Whcatstonc,  and  called  a  "relay." 

The  relay  is  an  electrom.ignet  wound  with  many  turns 
of  fine  wire,  so  that  a  very  feeble  current  will  produce  the 
requisite  magnetomotive  force.  The  armature  of  this 
electro-magnet  is  a  very  delicately  |)ivoted  lever  or  tongue, 
whose  sole  function  is  to  oj^n  and  close  a  I0c.1l  circuit  dec- 
tiirally  quite  independent  and  se|)arate  from  the  line-circuil 
coming  from  the  distant  station.  This  circuit  contaios  a 
b.attery  and  a  receiving  instrument,  and  is  entirely  contained 
within  the  receiving  station.  The  tongue  of  the  relay  is 
made  as  light  as  possible,  and  the  cli&tancc  its  end  has  to 
move  over  is  sometimes  as  small  .ns  one  fiftieth  of  an  inch. 
Ihiis  a  received  nirrent  quite  hcafKible  of  moving  the 
hc.nvy  Icvi-r  of  an  ink  writer,  for  insiauf*.  can 
this  li^;hi  I'lii^uo  and  dose  the  "Ic 
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local  battery  to  supply  the  furrent  refiuircd  to  actuate  the 
ink-writer.  "llie  long-dislnnce  fast-speed  messages  are 
always  received  in  this  way  on  beaiiiirully  delicate  relays. 

7'he  Circuits. 

Klettritally,  the  instruments  just  desiriljed,  as  well  .is 
others  designed  for  the  purpose  of  transmitting  ami  receiv- 
ing telegraphic  signals,  may  be  connected  lo  the  batteries 
and  the  conducting  circuits  in  various  ways,  each  of  which 
has  some  special  advantages.  Only  some  of  the  mo-st 
widely  used  of  these  can.  however,  he  described  here. 

The  Single  Current  System.— The  simplest  method 
of  all,  known  as  the  "Single-Current    Direct"  system,  is 
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depicted  in  Fig.  29J.  Two  stations— one  on  the  left  and 
one  on  the  right — are  connected  by  a  single  overhead  wire 
L,  technically  referred  to  as  the  "  line  "  ;  these  stations 
may,  of  course,  be  many  miles  apart.  M  and  ///  are  the 
Morse  keys,  shown  .is  resting  on  their  back  contacts  P  and 
/  when  not  in  use  {set  F"ig.  284).  These  back  contacts  are 
connected  to  the  earih-plates  E  E  through  the  coils  Rr 
respectively  of  the  electro  m.ignets  of  the  receiving  instru- 
ments, which  may  l>c  cither  "  Sounders  "  or  "  Ink  Writers." 
The  middle  cont.icts  are  both  joined  to  "  line,''  so  that 
there  is  a  complete  conducting  circuit  through  the  "line," 
the  receivers,  and  the  earth  ;  but  as  there  is  no  battery  in 
this  circuit,  no  current  flows.  The  b.itteries  C  Z  and  fz 
have   their    negative    terminals   Z   and    :  also   connected 
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to  the  canli-platts,  whilst  ihuir  positivf  poles  C  and  f  nnr 
connected  to  the  front  contacts  O  anrl  t>  of  the  Morse 
keys.  If,  now,  M  be  dcj^ressed  so  as  to  lireak  contact  at  1' 
and  make  contact  at  O,  a  current  flows  through  the  circuit 
(",  O,  M,  I-,/,  r,  E,  E,  Z,  energising  the  elet tro  niagncl  r, 
nnd  giving  the  required  signal  at  the  distant  station.  Thi» 
st.iiion,  in  its  turn,  by  depressing  the  key  w/,  can  send  * 
current  from  its  battery  thruugli  k,  giving  a  signal  at  the 
other  station.  If  both  keys  be  depressed  simultaneous])', 
no  signals  are  given  or  received. 

This  system,  though  so  sirni>le,  is  in  practice  only 
applicable  to  short  lines  or  unini]>ortant  stations,  where 
speed  is  not  essential.  High  speeds  cannot  be  obtained, 
because  of  the  ret.irdations  of  the  rise  and  fall  of  the 
rurrcnt  due  to  self-induction,  as  evplained  in  the  previous 
section  of  this  book.  I''urther  retanlalion  is  also  cause<l  In" 
the  electrostatic  cajiacily  of  the  line. 

The  Double  Current  System.  In  order  to  niinmirsc 
the  effects  of  inihulion,  both  elcctromagnetii'  and  elertro- 
stalic.  a  system  is  used  in  which,  after  every  signal,  a 
current  in  the  reverse  direction  is  sent  round  the  circuit,  *o, 
as  it  were,  to  sweep  out  the  effects  of  the  last  current,  and 
prepare  the  Imc  for  the  next  signal.  The  key  by  which 
these  changes  .ire  accomplished  has  already  been  described 
in  detail  (page  57$).  and  also  the  way  in  which  it  is  joined 
to  the  Iwittery  and  the  conductint;  circuit  consistinR  of 
"line"  and  "earth."  The  ronncttion  of  the  receiving 
instrument  to  the  screw  M  (Kig.  285)  has  also  been  ex- 
|)lained,  together  with  the  use  of  the  switch  S.  This  key, 
connected  up  as  described  to  battery,  line,  earth,  and 
receiving  instrument,  simply  takes  the  place  of  the  Morse 
key,  battery,  and  receiving  instrument  in  Kig.  i^j,.  With  the 
l>ouble-Current  system  much  greater  ii]>eed  can  be  altaiiied 
than  with  the  .Single-Current  system,  an  expert  hand-ftignaller 
being  aliie  to  send  over  forty  words  [ler  minute 
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In  hoih  llie  systems  just  dtscribed  only  a  single  message 
in  either  direction  ran  be  sent  aloni;  the  line  I.  at  any  time. 
If  these  were  the  only  systems  available,  a  very  heavy 
outlay  on  "lines"  would  be  necessary  in  (Ireal  Hrilain,  and 
sixpenny  telegrams  would  be  financially  im|)ossible.  hbttun- 
ately,  il  is  possible  to  so  arrange  the  instruments  that  two, 
four,  or  more  messages  can  be  simultaneously  sent  along 
the  same  wire,  thus  greatly  increasing  its  working  value.  'I'he 
simplest  III"  these  is 

The  Daplex  System. — The  object  aimed  at  in  "du- 
plexing," as  it  is  called,  a  telegraph  line  is  to  so  arrange  the 
transmitting  and  rereivmg  instruments  at  each  end  that 
messages  tan  be  simultaneously  sent  in  both  directions  at 
the  same  lime,  thus  doubling,  a.s  it  were,  the  earning 
cajiacity  of  the  line.  'I'here  are  two  chief  methods  of 
doing  this.  One  is  to  arrange  the  instruments  at  each  end 
similarly  to  the  circuits  in  a  Wheatstone  Bridge,  as  used  for 
testing  resistance.  The  other  is  to  take  advantage  of  the 
principle  of  the  Differential  (jalvanometer.  The  latter  is 
almost  exclusively  used  in  this  country,  and  we  shall  there- 
fore briefly  indicate  its  chief  features. 

Reverting  to  our  previous  descriptions  of  "  Galvanometers 
for  me.isuring  small  currents,"  it  is  obvious  that  if,  instead 
of  winding  the  conducting  circuit  with  a  single  wire,  we 
were  to  wind  it  with  two  exactly  similar  wires  lying  along- 
side one  another  throughout  their  length,  then  each  of 
these  wires  could  be  used  independently  to  measure  a 
current.  Moreover,  if  the  two  wires  have  been  carefully 
wound,  the  same  cura'nt  passed  through  either  of  them 
mdifferently  will  produce  the  same  deflection  of  the 
needle.  If.  therefore,  currents  be  passed  through  the 
two  roils  in  opposite  dirrctions,  the  needle  will  only  be 
deflected  if  these  currents  are  untijunl,  and  will  not  ht 
dtflfftfd  at  all  if  they  are  r.xaeth  rqital.  Moreover,  ,Tny 
deflection  of  the  needle  will  depend  on  the  ilifftreiuc  of 
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ihe  Iwo  currents  ;  licncc  ihc  iiislrument  is  called  a  "Dif 
ferential  Galvanometer"' 

The    same    printiiile    m;iy    be   applied  lo  :uiy   electro- 
magnetic  instrument,  such  as  the  elerlronui(;nets  of  a  rdajr. 

I-, 
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That  is,  ihc  conducting  circuit  may  be  wound  in  two  parts 
m  sucli  a  way  thai,  when  oppositely-directed  lUrT 
hent    throuiih   these,   the    magnetic    effeci    pttKiii. 
de|)eDd  on  the  dift'erencc  of  these  currents,  and  will 
fore,  be  nti  when  the  cnrtt.nts  are  rijual. 

The  existence  of  such  insiriimenl!>  miiliei 
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duplex  working  possible,  and  in  Fig.  294  we  give  a  diagram 
of  ii»e  arrangements  at  two  stations  1  and  2  connected 
l>y  a  line  wire  L,  L^.  The  arrangements  shown  are  those 
for  duplexing  a  single-current  system.  'l"he  two  equal 
batteries  I',  and  1%  are  connected  to  the  Morse  keys  K,  Kj 
as  shown,  the  earth  connections  to  the  back  contacts  being 
through  resistances  /',  /'„  approximately  et|ual  to  the  re- 
sistancei  of  the  respective  batteries.  R,  and  Rj  are  two 
similar  relays  "  dilTerentially "  wound,  the  two  circuits  in 
each  case  being,  for  clearness,  indicated,  one  by  a  con- 
tinuous, and  the  other  by  a  doited  line.  In  series  with  the 
dotted  circuits  are  the  resistances  r,  /•.,,  known  as  the  "  com- 
pensating "  resistances.  If  the  oppositely-directed  currents 
in  these  two  circuits  are  equal,  the  tongues  T  of  the  relays 
are  unaffected  ;  but  if  they  are  une(|ual,  they  are  moved 
against  either  the  stops  tii  or  the  sto[is  s.  Wiienever  either 
tongue  strikes  against  the  corresponding  stop  m  it  closes  a 
"  local  ■'  circuit  containing  a  batter)'  and  the  receiving  in- 
strument, and  thus  gives  rise  to  a  signal  on  the  latter. 

Su|)|>ose,  now,  that  the  key  K,  is  depressed.  A  current 
generated  by  the  battery  P,  flows  through  the  key  to  the 
jwint  Y,,  where  it  divides  into  two  parts.  One  portion 
flows  through  the  circuit  \i\\)\  of  the  relay  K,,  the  line 
L,  I..2,  the  circuit  .A^C.,  of  the  relay  K.,  to  \ ,,  the  i>ack 
contact  of  K,  through  />,  to  earth,  and  so  back  to  the  battery. 
The  other  portion  of  the  current  flows  through  the  coil 
C|  A|  of  the  relay,  and  the  resistance  r,,  back  to  the  battery. 
Now,  if  the  resistances  of  these  two  paths  be  exactly  equal, 
the  currents  in  them  will  be  exactly  equal,  since  the  same 
P.D.  is  used  to  i)roduce  both  currents.  In  this  case,  there- 
fore, the  tongue  '1',  of  the  relay  R,  is  unaffected,  and  causes 
no  signal  at  station  1.  But  the  relay  R.j  at  station  2  has  a 
cunent  passing  only  through  one  set  A^  Cj  of  its  coils.  The 
I  tODguc  T..  attached  to  its  armature  is,  therefore,  moved  so 
come  iigainst  the  contact  ;//,,  thus  causing  a  signal  on 
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the  receiving  instniinem.     In  this  way  the  desired  signal 
madf  at  statiun  2.     In  the  same  manner,  sshen  key   Kj  is 
iif|iiLSscd,  a  signal  is  given  at  station  1,  and  none  at  2. 

The  condition  for  the  equality  of  the  currents  in  the 
relay  R,  just  referred  to  evidently  is  that  the  resistance  r, 
of  tile  dotted  path  from  A,  to  the  battery  should  c>|ual  the 
resistance  of  the  other  path  from  l),  lliroui;h  the  distant 
station  to  earth  and  h.iitery. 

We  must  still  inquire  what  hnpi)ens  when  both  keys  K| 
and  K;  are  depressed  simultaneously — that  is,  when  both 
oi>crators  desire  tu  send  signals  at  the  same  time.  In  this 
cAse  the  points  \\  and  Y.,  are  both  brought  to  the  same 
potential,  and  no  current  atn  therefore  flow  along  the  con- 
ductor, Y|  B,  I),  L,  LaAjCj  Y^.  joining  them.  But  a  cur- 
rent can  llow  through  the  compensating  circuit  Y|  C|  A|rj 
and  back  to  the  battery  I',  and  another  current  fan 
(low  through  the  circuit  YjB.Ujrj  back  to  the  battery 
I'j.  Thus  both  the  relays  R,  and  V..,  have  currcnls 
(lowing  in  one  coil  only,  and  therefore,  since  these 
currents  are  in  the  proper  direction  for  the  purjMjsc,  the 
tongues  T,  and  T.^  will  be  moved  against  the  "  marking  " 
(ontacts  w,  and  tn.,  respectively.  Signals  will,  therefore, 
be  recorded  at  both  stations  as  desired.  The  curious 
feature  of  this  last  case  is  that,  although  both  stations 
receive  signals  because  of  the  actions  at  the  distant  stations, 
no  airmit  passes  iiloiig  th'  line  L,  \.,j 

In  actual  practice  differential  giilv.inometers,  as  well  a* 
dill\.Tentiai  relays,  are  in  circuit  at  both  stations  to  facilitate 
.idjusiinents  and  for  other  reasons.  The  application  of 
iluplcx  workmg  to  the  double-current  system  is  suh*tantially 
the  same  m  principle  as  that  ju«t  described,  biit  a  little 
more  complicated  in  practice.  For  all  Ion,.  ,i;.-i  m.-o  work 
the  double  current  is  used,  because  of  the  1  speed, 

due  \<<  llir;  ;i<ti(iii'- 
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duplex  working  is  that  in  which  two  messages  can  Ix;  sent 
siniiiUaneously  /'//  ench  diraiioii,  making  four  messages  in 
all,  thus  giving  rise  to  "  tiuadruplex "  working.  This  is 
accomplished  by  using  two  different  kinds  of  currents  for 
signalling.  In  one  class  the  two  signals  required  by  the 
Morse  code  are  produced  by  currents  in  opposite  directions  : 
in  the  other  class  the  two  distinctive  signals  ;ire  given  by 
weak  and  strong  currents  irrespective  of  direction.  Special 
sending-kcys  are,  of  course,  required  for  each  class  of 
signals,  and  also  special  receiving  relays.  The  latter  must 
be  such  that  one  relay  responds  only  to  signals  of  the  I'lrsl 
kind,  whilst  the  other  responds  only  to  signals  of  the  .second 
kind.  The  desi  ription  of  these  instruments  would,  we  fear, 
lead  us  too  far  into  technical  details. 

Multiplex  Working.  There  is  still  another  way  of 
increasing;  the  number  ui  messages  that  can  be  sent  simul- 
taneously on  one  wire.  The  method  is  known  as  "  multi- 
plex," and  depends  for  success  on  the  absolute  synchronism 
with  which  two  revolving  commutators  at  the  two  ends  of 
the  line  can  be  kept  "  in  step."  When  this  is  accomplished, 
the  commutators  put  each  pair  of  correspondents  on  to  the 
line  for  a  fraction  of  a  second  and  then  connect  up  the 
other  pairs  in  order,  returning  finally  to  the  first  pair  in  less 
than  a  second  to  repeat  the  cycle  of  connections  over  and 
over  again.  Between  Ixandon  and  Birmingham  as  many 
•is  six  jiairs  of  correspondents  are  thus  enabled  to  send 
messages  at  the  same  time  on  one  wire. 

Printing  Ttltgraphs. 

Besides  the  instruments  already  described,  which  use 
the  Morse  code  with  its  two  distinctive  signals,  there  are 
others  which  print  off  the  messages  in  ordinary  tyftc.  Of 
these,  the  ingenious  transmitters  and  receivers  devised  by 
Professor  D.  K.  Hughes  are  much  used  on  the  Continent. 
But   instead  of  describing  these,   which  arc  seldom   seen 
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in  England,  wc  proijose  instead  to  devote  a  little  of  our 
limited  s|iarc  to  the  very  siniilnr  instruments  which  are 
used  for  the  purpose  of  disseininating  ntws  to  subscribers 
from  a  central  news  office. 

Of  these,  the  most  familiar  to  the  general  public  is  the 
receiving  uistrument  depicted  in  Fig.  295,  which  in  busy 
mercantile  centres,  under  the  name  of  the  "tape,"  has  long 
since  become  a  necessity  to  the  pushing  business  man  of 
llie  nineteenth  century.  In  cluhs  and  hotels,  also,  the  little 
glass-encased  instrument,  (juielly  feeding  its  yards  of  the 
laiest  news  into  a  basket  at  its  side,  has  become  a  familiar 
figure.  IJul,  although  the  message  is  printed  in  ordinary 
letters,  so  that  it  is  not  necessary  to  learn  a  new  alphabet 
in  order  to  decipher  it,  still  there  is,  as  it  were,  a  residual 
amount  of  inconvenience  in  having  to  pass  the  long  |>3per 
tajte  more  or  less  slowly  through  the  fingers  whilst  reading. 
Moreover,  it  will  sometimes  hapi»en  that  many  yards  of 
])aper  have  to  be  passed  before  the  ))articular  message 
sought  is  found.  This  last  inconvenieni  e  is  partly  over- 
come by  cutting  the  tape  at  intervals  and  pinning  it  on  a 
notice-board:  at  the  best,  however,  this  device,  it  must  be 
confessed,  is  somewhat  lame.  Hence  the  attention  of 
inventors  has  been  dirci  ted  to  perfecting  instruments  that 
shall  be  capable  of  printing  the  message  in  "  column " 
form,  as  is  done  by  the  ordinary  type-writing  machine. 

In  the  "Tai>c"  machine  (Fig.  295)  we  may  explain  in 
general  terms  that  tlie  ty|x'  wheel,  which  can  be  plainly  seen 
in  the  figure,  is  revolved  until  the  desired  letter  is  opposite 
the  ta|)e,  when  the  wheel  is  slopped  and  the  t;ipe  moved 
against  it,  thus  receiving  an  impression  of  the  letter  from 
the  inked  wheel.  How  these  movements  are  controlled  elec- 
trically Wc  shall  explain  when  we  describe  the  transmitter. 

The  Column  Printer. — The  additional  movements 
to  be  provided  for  in  a  column  instrument  arc  sufficiently 
obvious,  .^ssinning  that  the  paper  is  fed  forward  at  proper 
M  M    2 
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intervals,  the  type  wheel  nuisl  he  made  to  traverse  the  l*^!*^ 
sideways  from  left  to  right,  with  a  ste|>-by-ste|)  movement 
which  advances  it  through  the  breadth  of  one  letter  bct^vecn 
each  impression  on  the  paper.  The  spaces  between  suc- 
cessive words  can  be  provided  for  by  a  blank  on  the  tyixr- 
wheel.  In  addition  to  this  lateral  movement  there  must  be 
an  arrangement  for  bringing  back  the  type-wheel  to  the  left- 
hand  side  when  it  has  traversed  the  whole  breadth  of  the 
paper,  and  simultaneously  the  paper  itself  must  be  fetl  \at* 
ward  by  a  space  eipial  to  the  distance  between  two  successive 
lines.  Finally,  the  receiver  should  lje  so  well  adapted  for 
the  work  that  it  can  receive  the  messages  without  danger  of 
Confusion  as  rapidly  as  an  ex|icrt  telegraph  npcrator  t-jn 
transmit  them. 

Before  the  action  of  the  "jmnter"  itself  can  be  readily 
followed,  we  must  describe  the  "transmitter,"  which  is 
confined  to  the  privacy  of  the  Central  News  office.  This 
instrument  is  shown  in  Fig,  296,  It  is  providc<i  with  a 
keyboard  fitted  with  long  white  and  short  black  keys 
alternately.  Ivmh  key  corresponds  to  a  jiarticular  letter  ar 
signal,  anf]  corresponding  letters  arc  arranged  in  the  same 
order  round  the  type-wheel  in  the  printer.  Over  the  back 
ends  of  the  levers,  of  which  the  keys  form  the  front  ends, 
there  revolves  a  cylinder  carrying  a  set  of  projcctionR 
helically  arranged,  so  that  each  is  brought  successively  in 
a  vertical  position  over  one  of  the  levers.  Synchronously 
with  the  revolution  of  this  cylinder  a  series  of  interrupted 
currents  are  sent  into  the  circuits  of  the  receiving  instru- 
ments and  these  cmsc  the  type-wheels  of  the  latter  to 
revolve  at  a  speed  exactly  equal  to  that  of  the  cylinder  in 
a  manner  to  be  described  presently.  As  lont;  as  no  keys 
arc  depressed,  the  tylmdcr  and  the  ty|)c-whceli  rotatr  nrv 
interruplcdly ;  but  when  a  key  is  depressed,  thu 
the  corresponding  i)rojc*ction  on  ifv  •  •■'"•-!,—  --  ,, 
comes  opposite  to  it,  it  is  caughi 


SP 


The  Elf.cikic  Chrres't. 


and  the  cylinder  is  stop|)ed,  simultaneously  stopping  ibe 
currents  above-mentioned,  and,  therefore,  stopping  the  tyjic- 
wheels.  At  the  same  time  another  circuit  is  closed  by 
the  projecting  spur,  which  transmits  another  current  to  the 


%\g.  897.  — H'gginV  Culuinn  rHrtlcr, 


receivers  and  causes  the  ineclianisin  fur  printing  10  conte 
into  pi  a]'. 

In  pasiing,  wc  may  remark  the  rcr^-ivi^ps  nrc  not  worked 
directly  by  the  nirrents  from  the  Iran  it  relays 

are  interposed,  wliitii  render  cont--'  -•— '-     "• 

possible  to  work  more  circuits  «i 
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nrcuii  bi-ing  aiiiMicd  l)y  one  relay,  and  a  number  of  relays 
being  put  in  series.  In  this  way  as  many  as  eighteen  hundred 
receivers  can  be  served  by  a  single  transmitter. 

Tiiining  now  to  the  receiver,  we  shall  describe  the 
"Column"  priming  instrument  invented  by  Mr.  Higgins, 
of  the  Exchange 
Telegraph  Coni- 
[)any.  We  sele- 1 
this  because  il 
was  the  iitsi 
column  printer  de- 
veloped to  the 
stage  of  being 
]iractically  success 
ful  in  actual  work- 
ing, and,  more- 
over, is  adapted 
to  the  transmitter 
just  dcscribeii. 
The  instrument  is 
shown  in  perspec- 
tive in  Fig.  2(J7. 
and  an  outlint- 
plan  of  it  is  given 
in  l''ig.  298.  The 
broad  band  of 
pajxT  rc(iuired  for 
the  printing  is 
coniaineii  on  a  rolKr  at  the  back,  and  the  part  receiving 
the  mess.nge  is  held  firmly  in  appropriate  grips  during 
the  printing  of  a  line,  but  can  be  fed  forward  when 
required.  K  is  the  type-wheel  sliding  on  the  axle  D 
and  the  two  cc  cntric  rods  DD,  these  tods  and  the 
axle  are  moved  found  step  by  step  by  the  action  of  the 
I  |>awl  C^  and  the  ratchet  wheel  /  .      The  arm  of  this  pawl  is 


I'lfi.  -v^*     Plitii  ol  lli^^iiis'  Cnliiiiin  Y'rinlcr. 


6o9 


Thc    LlECIRIC    CugKE.VT. 


attached  to  tlie  rocking-axle  C,  which  in  its  turn  is  con- 
necied  hy  the  arms  <■  to  the  armature  of  the  clectro-magnct 
B.  This  magnet  receives  the  rapidly  interrupted  currents 
from  the  transmitting  instrument;  whenever  a  curninl  jiasscs, 
the  armature  is  drawn  down,  but  is  drawn  back  again  by 
tlie  spring  N  (F''ig.  297)  when  the  current  is  interruptciJ. 
Thus  tlie  type-wheel  is  caused  lo  revolve  synchronously 
with  the  currents  sent  from  the  transmitter.  When  ihe 
currents  are  stopjied  by  the  depression  of  one  of  tJjc 
lettered  keys  of  the  transmitter,  the  type-wheel  stops  with 
the  corresponding  letter  opposite  the  paper.  Al  this 
moment,  as  already  explained,  a  second  or  printing  circuit 
is  closed  at  the  Iransmiltc-r,  and  a  current  passes  through 
the  printing  magnet  H  ;  the  armature  of  tliis  magnet  is 
attracted,  and,  by  means  of  the  arms  IT  attached  lo  a 
rocking  shaft  I,  moves  forward  the  frame  carrying  ihe 
paper:  thus  the  latter  is  brought  in  contact  with  the  ty|»c- 
wheel  and  receives  the  desired  imijrcssion.  .\s  this  frame- 
work falls  back  it  brings  into  play  the  mechanism  by  which 
the  type-wheel  is  moved  latcr.illy  through  the  space  of  one 
letter.  On  referring  to  I'"ig.  298  it  will  be  noticed  that  the 
tyi)e  wheel  and  inking  roller  .irc  connected  to  a  sleeve  or 
nut  travelling  on  the  quick-threaded  screw  I';  if  the  latter 
be  turned,  the  type  wheel,  etc.,  must  be  moved  sideways 
either  to  the  right  or  left.  Now  as  the  paj^cr  frame  falls 
back  it  moves  a  lever  and  pawl  (not  shown  in  Fig.  298) 
which  act  on  the  ratchet-wheel  M,  and  turn  the  screw  F 
just  sufficiently  to  move  the  nut  V  one  sjace  lo  the  righL 
.■\t  the  same  time  the  toothed  wheels  F''  and  J'"  art:  moved 
round,  and  a  watch-spring  in  !•"•  is  partly  wouml  up.  Thi» 
toiled  spring  is  used  lo  return  the  type  wheel,  etc.,  back  lo 
the  left  hand  side  when  it  has  cumplctvd  a  hnc.  To  ilo 
this  ;i  special  key  has  lo  be  deprcs.seil   in  tlv  'ter, 

which    causes   the   tyije-whcel   ulial'i    D  lo  si.  ,  h  a 

position  that,  when  the  i>3|Kr -carrying  fr.ime  foils  hack  aficr 
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advancing  only  a  |xirt  of  the  usual  distance,  a  pin  D-  on  D 
acts  upon  a  system  of  levers  which  lifts  the  ratchet  off  M  and 
thus  releases  the  shaft  F.  The  coiled  spring  then  rapidly 
rotates  this  shaft  in  the  backward  direction,  and  thus  brings 
the  tyi)e-wheel  (|uiikly  to  the  beginning  uf  a  fresh  line.  At 
the  same  time  the  pin  I)- acts  upon  anotlter  system  of  levers 
which,  as  the  paper-carrying  frame  moves  towards  the  type- 
wheel,  causes  the  pajier  to  be  fed  forward  through  a  spate 
erjual  to  the  distance  between  two  lines.  In  order  to  place 
a  proper  space  between  sefiarale  messages,  or  to  bring  for- 
ward the  pa|>er  so  as  to  expose  the  end  of  the  last  message 
printcii,  it  is  only  necessary  to  depress  the  special  key  on 
the  transmitter  several  times  in  succession,  and  at  each  de- 
pression the  paper  will  be  fed  forward  through  the  above- 
named  distance  without  anything  being  printed  on  it. 

With  the  description  of  these  ingenious  instruments  we 
ntust  bring  our  remarks  on  overland  telegraphy  to  a  close. 
We  must  not.  however,  leave  the  general  subject  without 
devoting  some  little  space  to  the  still  further  wonderful 
triumphs  of  engineering  and  scientific  skill  involved  in  sub- 
marine telegra[)hy. 

SUIIM  ARINK   Th  I.Ki  .R.M'tlV. 

When  it  is  attempted  to  apply  the  methods  and  systems 
already  described  for  the  purpose  of  communiratiiig  between 
countries  separated  by  seas  or  oceans,  numerous  additional 
difficulties  present  themselves,  of  such  a  nature  as  to  greatly 
modify  the  details  of  the  apparatus  employed.  Besides,  there 
is  the  initial  ditVuulty  which  delayed  the  development  for 
many  years — of  establishing  a  conducting  (■ommunicatitm 
between  the  two  countries  concerned.  It  is  no  longer  a 
case  of  wires  stretched  on  jKj.sts  through  the  non  conducting 
air,  but  of  passing  a  properly  insulated  conductor  through  a 
good  conducting  medium,  and  that  a  medium  in  which  it  is 
impossible  for  men  to  live  and  move  freely.    However  deep 
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the  ocean,  the  work  of  placing  llie  ron<luclor  or  cablr  nvtsi 
be  carried  on  from  the  surface,  and  many  mcchaniral  ilitli 
cullies  have  to  be  overcome.  Moreover,  as  reganl^  Ihe 
insulated  conductor,  several  trials  and  failures  were  rn.ir 
before  a  suflicieniJy  good  form  for  permanent  work  ... 
evolved. 

Before  proceeding  to  describe  some  of  the  chief  in.sUu- 
menls  used  in  submarine  telegraphy,  a  brief  historical  sketch 
of  the  early  struggles  and  difficulties  of  cable-laying  may  noJ 
be  without  interest  to  our  readers. 

Historical. — It  has  been  already  mentioned  that  l,c  Sage 
in  1774  and  Salva  in  1795  proposed  the  use  of  iivinlatcd 
cables  for  electric  circuits.  In  1812  Schilling  laid  surh 
cables  in  the  Ncv.i,  and  by  their  means  exploil<-d  powdrr 
mines.  In  1839  Sir  William  O'Shaughnessy  Hrooke,  in 
some  telegraphic  experiments  in  Bengal,  used  a  circuit  ai 
miles  long,  7,000  feet  of  which  consisted  of  a  cable  sunk 
in  a  river ;  and  to  him,  therefore,  lielongs  the  credit  of  first 
actually  transmitting  signals  under  water.  For  insulation 
he  used  pitch  and  tarred  hemp.  A  similar  experiment 
was  made  by  Rzra  Cornell  in  the  Kivcr  Hudson  in  1845, 
between  Fort  Lee  and  New  York,  a  distance  of  1  2  miles. 
He  used  a  double-wire  cable,  with  indiarubber  insulation 
in  a  leaden  tube ;  but  after  some  months  his  cable  was  c«5 
liy  the  ice.  Meanwhile  several  proposals  had  been  made 
for  connecting  France  and  r.ni'l.ind  .tihI  l''iir,>i«-  -ind 
America. 

The  first  cable  between  iTaiHL  and  I'.nj^l.ind  wxs  Uul 
in  August,  1850:  it  ronsisled  of  guiia  poicha-covettd 
copper  wires  sunk  by  leaden  weights  attached  to  it  at 
intervals.    It  w.os  broken     it  is  'supposed  by  friction  -  t 

the  rocks— before  the  laying  was  completed.  'I'li 
itig  year  a  better  designetl  Lal)li'  was  laid  ;  the  gun 
covered  wires,  of  which  there  were  four,  were  prolf 
tnrrcil  hemp  and  cord,  and  uuisidc  the»e  Icn  «ii 
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wires  were  wound.  This  tabic  was  the  first  used  for  public 
messages,  and,  ihougli  frequently  repaired,  has  never  been 
entirely  renewed.  Its  success  led  to  the  laying  of  numerous 
short  i-ables  in  different  jiarts  of  I'lurope. 

The  more  serious  ))robleni  of  laying  a  cable  from  Europe 
to  America  was  now  hopefully  attacked.  Tibbets  and  Gis- 
borne  formed  the  Electric  Telegraph  Company  of  New- 
foundland in  1851,  and  connected  Cape  Breton  with  Nova 
Scolia.  In  1854  this  company  was  merged  into  a  larger 
company  formed  by  C.  ^V.  Field,  and  a  cable  85  miles 
long  was  successfully  laid  between  Cape  Breton  and  New- 
foundland. Field  then  visited  England  and,  in  conjunction 
wii'i  Sir  Charles  Bright,  Sir  John  Pender,  and  others,  Uirmcd 


Kij.  »«.— The  Firet  Atl«ntic  Calile 

the  Atlantic  'lelegrajih  Company,  with  the  object  of  laying 
n  cable  across  the  Atlantic  Ocean.  The  kind  of  cable 
decided  upon  is  shown  in  Fig.  299.  It  consisted  of  seven 
copper  wires  </,  each  o'03  inch  diameter,  which  were  covered 
with  three  layers  /'  of  gutta  percha  ;  outside  these  there  ^vas 
a  covering  <  of  jute,  and  finally,  to  strengthen  the  cable  and 
protect  it  from  being  cut  through  by  rocks,  eighteen  iron 
ropes  d,  each  made  of  seven  iron  wires,  were  wound  on. 
This  was  the  deep-sea  portion  ;  the  shore  end  was  still 
more  heavily  armoured  with  iron  ropes.  The  cable  was 
placed  on  board  two  Ciovernnicnt  vessels — the  English  ship 
Agijmcmnoii  and  the  United  Stales  ship  Aiitxura  :  and  the 
laying-down  was  commented  on  August  7th,  1857,  from 
Valentia,  in  irebnd,  along  a  route  previously  surveyed  by 
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Cn|ilain  Maury.  On  the  third  day,  after  334  knots  had 
been  paid  out,  the  cable  broke  at  a  place  where  the  ocean 
was  more  than  two  miles  deep.  The  shii)s  then  returned  to 
iMigland,  and  more  cable  having  been  inanufacttired  to  rc- 
|jlaie  the  lost  portion,  and  belter  paying-out  machinery 
having  been  constructed,  another  attempt  was  made  in 
1858.  This  time  the  laying  down  was  commenced  in 
mid-ocean,  the  two  vessels  steaming— one  towards  V'aleniia 
and  the  other  towards  Newfoundland,  .\fter  seveml  mis- 
haps the  cible  was  successfully  laid,  and  the  first  message 
transmitted  on  the  ylh  of  .August,  1858.  The  insulation  of 
this  cable,  however,  was  not  very  good,  and  rapidly  l>ccame 
worse,  until,  on  the  ist  ol  St.|)leml>er,  it  broke  down 
altogether. 

In  the  next  atieiuitt,  in    i8'>5,  a  niudi  better  ■  \ 

cable  was  used,  and  the  largest  vessel  then  atloat,  li 
Eastern,  was  chartered  to  lay  it.     .Several  mishaps  occurred 
during  the  laying  ;  and  eventu.ally,  when  within  600  miles  o( 
Newfoundland,  it  broke,  and   all    attcni[)ts  to  grapple  the 
broken  end  were  unsuccessful. 

With  all  the  experien<-e  now  ac(|uired,  another  attempt 
was  made  in  1866,  and  this  lime  the  Grtat  Easltrn  success- 
fully  accomjilished  the  task  in  fourteen  days,  the  end  of  thtt.. 
cable  being  finally  landed  on  die  J7th  July,  and  the  line  being' 
opened  for  public  mess:iges  on  the  4th  August  following. 
'I'he  length  from  shore  to  shore  was  about  ..•,140  miles. 

Since  that  date  many  other  cables,  with  an  aggregate 
length  of  over  i6|,fioo  miles,  have  been  laid  in  all  parts 
of  the  world  ;  and  the  .Xtlanlic  itself  is  now  spanned  by 
no  fewer  than  twelve  c.iblcs  connecting  Kurope  with  North 
America.  For  the  work  of  cable  layieig  and  rep 
s|jeciil  fleet  of  steamer*  lia.s  been  built,  and  is  In 
tiniially  added  to ;  so  that  what  was  hed  with  so 

much  difTicultv  arul  risl        '  ■    n  iK  t  —         f 

oriiifury  con>inciiial  p:  M 
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project  of  conne<:ting  our  Ausiral.isian  Colonies  to  the  west 
coast  of  Canada  hy  a  ral)le  across  the  Pacific  is  being 
seriously  advocated.  If  laid,  this  cahle  will  be  in  all  about 
6,700  miles  long,  but  will  be  laid  in  sections,  touching  at 
some  of  tlie  Pacific  islands  i-ii  roiile 

Modern  Submarine  Telegraphy.  Tlu-  difficulties 
which  limit  the-  speed  of  signalling  on  long  land  lines,  owing 
to   the  eflccts   (rf  electrostatic    induciiun,  are  much   more 


ijirjpvnn^ifliW'F'"'^^., 
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severely  felt  in  cable  work.  The  conductor  of  a  Lind-linc  is 
usually  many  feet  from  the  surface  of  the  conducting  earth, 
whereas  the  insulated  conductor  of  a  submarine  cable  is 
very  close  to,  and  is  entirely  surrounded  by,  the  conducting 
sea-water.  The  electrostatic  strains  set  up  in  the  dielectric 
in  the  latter  case,  when  the  conductor  is  brought  to  a 
potential  different  from  that  of  the  water,  are  much  greater 
than  in  Uic  former  case,  and  the  disturbing  effects  are 
correspondingly  increased. 
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Many  attempts  have  been  made  lo  iniriiinise  the  dii- 
lurbance  by  using  s|)ecial  forms  of  keys  and  uthcrM-isc,  but 
the  siK'cd  attained  for  many  years  was  very  alow  as  com- 
pared with  that  on  land  lines.  Most  of  these  earlier  cflTorls 
used  hand-signalling,  and  it  was  not  till  1886  th.it  a 
mechanical  transmitter  for  ordinary  signals  was  successfully 
applied  lo  Atlantic  work  by  Mr.  'I'.  J.  Wilmot,  the  Super- 
intendent of  the  Commercial  Cable  Company,  at  thcif^ 
landing  station  at  Waterville,  Ireland.  Mr.  Wilmot's  trans- 
mitter is  a  modified  and  improved  form  of  the  automatic 
Wheatstone  iransmitler,  already  described  (page  580).  It  is 
shown  in  Fig.  300,  and  in  appearance  much  resembles  the 
older  instrument.  The  t  hief  dilTerence  is  in  the  system  of 
levers  and  cams,  by  which  the  motion  is  transmitted  from 
the  perforated  paper  to  the  contact  jioint-s.  Also  for  cable 
work  the  dots  and  dashes  of  the  ordinary  ink-writer  are  not 
used,  but,  instead,  we  have  the  right-  and  left  hand  move- 
ments of  a  recording  galvanoscope  produced  by  currents  in 
o|)pi)site  directions.  The  transmitter  has  to  alter  the  con- 
tacts of  the  circin'l  to  produce  these  currents,  and  the  slip 
used  is  therefore  punched  differently.  I'or  instance,  ihc 
s()ecimcn-word  given  on  i>age  579,  if  intended  for  use  with 
a  cable  transmitter,  would  ap|)ear  thus  on  the  strip  :— 


0000   O  O 


000 


O    O 


lOocooooooooooooooooooooooooooaooo 

^00  00  o  000  o 


W         H       E     A    T      S      T     O       N     E 

('IE-  3<»' -Sitip  peflofalni  fur  C*l>le  TraniuuMioii. 


VVillioul  going  further  into  the  differences  Iwtween  the 

two  transmitters,  we  may  say  th.nt  -. 

letters  per  minute  is  regubrly  main; 

cables  with   Mr.  Witmot's  modified  M  t 
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the  signals  received  are  much  more  easily  read  than  ihose 
prtxlured  by  the  slmvor  hand-si^nnlling. 

The  Siphon  Recorder.— In  the  early  days  of  cable 
telegraphy,  delicate  mirror  galvanometers,  such  as  we  have 
described  in  a  jirevious  section,  were  used  as  receivers,  and 
the  movements  of  the  spot  of  light  to  the  right  and  left 
coriesponded  to  the  two  distinctive  signals  of  the  Morse 
code.  The  reading  of  such  a  receiver  was  very  fatiguing  ; 
the  spot  of  light  had  to  be  constantly  watched,  for  there 
was  no  sound  like  the  cliik  of  the  needle  instrument  to  tell 
when  a  messnge  was  being  commenced.  Moreover,  no 
record  of  the  message  was  left,  and  the  possibility  of  errors 
was  much  increased. 

These  receivers,  therefore,  wonderful  triumphs  of  skill 
though  they  were,  have  now  been  com|)letely  su])erseded  by 
another  class  of  instruments,  known  as  "Sijjhon  Recorders." 
Originally  devised  by  the  same  fertile  inventor.  Lord  Kelvin, 
to  whom  we  owe  the  sensitive  mirror  galvanometer,  they 
have  been  successively  improved  by  him  and  by  others, 
until  we  now  fiossess  a  receiver  admirably  adapted  to  the 
reiiuircmenls  of  long-distance  ocean  telegraphy. 

I  he  Siphon  Recorder  is  a  sensitive  galvanometer  with 
the  mirror  remuvcd,  .ind  its  place  taken  by  a  siphon,  from 
which  ink  can  be  spurted  on  to  a  rililnm  of  pajK-r  drawn 
past  its  end.  The  particular  kind  of  galvanometer  used  is 
that  which  we  have  already  described  at  page  •55:1.  under 
the  name  of  the  D'Arsonval  galvanometer,  the  latter  being, 
in  fact,  a  siphon  recorder  adapted  for  ordinary  laboratory 
work.  A  reference  to  our  previous  description  will  show 
that  the  essential  part  of  this  instrument  is  a  light  roil 
of  conducting  wire,  which  is  free  to  move  in  a  strong 
magnetic  field,  the  movements  being  controlled  by  torsion. 
But  instead  of  the  deflections  of  the  coil  being  indicated  by 
a  mirror  redecling  a  beam  of  light,  a  fine  glass  tube,  about 
one-hundredth  of  nn  inch  in  diameter,  is  employed.     This 
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tul>e  is  heni  into  ilic  fonn  of  a  "siphon  "  (whence  the  rurnf 
of  the  instrument),  the  short  arm  of  whirh  dips  into  an  ink- 
well aljovc  the  level  of  the  paper.  The  niovcmcnt  of  ihr 
ink  in  the  tube  is  assisted  by  mechanical  vibration,  with  the 
result  that  a  shower  of  line  drops  issues  from  the  lower  end 
on  to  the  travelling  paper  ribbon.  As  this  lower  end  is  raovcd 
to  the  right  and  left  by  the  movements  of  the  coil,  a  wavyj 
line  is  irat  ed  on  the  pa|)cr,  givinij;  the  signals  of  the  .Morsti^ 
code  Thus  the  word  given  above,  as  punched  for  the  trand- 
mitter,  would  appear  on  the  ribbcm  of  the  receiver  thus: — 


W       H       !■:    A     r         -S      T      ()  N 


E 


Both  the  punched  strip  ami  the  received  message  arc  full 
size.    One  of  the  most  modern  forms  of  the  siphon  recorder. 
as  improved  by  Mr.  ('harlcs  Cuttriss,  is  shown  in  Kig.  303. 
MMM  are  horizontal  circular  steel  magnets,  which  protiure 
the  field  in  the  annular  space  in  which  the  coil  R  itwingii ; 
the  latter  is  pivoted  top  and  bottom  in  agate  bearings,  and 
r.irries  eccentrically  a  piece  of  aluminium   K  with  a  slot  ;it^ 
its  uppei  end,  through  which  pa.sses  one  of  the  regulating  1 
fibres  D',  by  which  the  motion  of  the  coil  is  transmitted  to 
the  siphon.     .M  one  end  I)'  is  attached  to  a  rigid  support 
O,  and  at  the  other  to  a  flexible  spring   F,  adjustable  by 
moving  the  index  G'.     This  fibre  and  spring  also  furnish 
the  force  controlling  the  movements  of  the  coil.     Close  to 
E  the  fibre  D'  is  crosseil  at  right-angles  by  another  fibre  D. 
one  end  of    which  is  attached    to    the   adjustable    si-^ 
!•■,  and   the   other   end    to   a   |irojcciion    from  a  vei  1 
wire  stretched  in  the  tube   1..     To   this   vertical   wire   is 
sccnrcly  fastened  the  sii)lion  !'      •  '     '     '     h    '• 

the   ink-well   Q,  and  the  v 
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paper  ribbon  J,  on  which  a  continuous  stream  of  fine  drops 
of  ink  is  spurted.  The  movements  of  R,  by  means  of  the 
conneelions  described,  cause  the  end  of  P  to  travel  to  one 
side  or  other  of  the  paper,  thus  converting  what  would 
otherwise  l>e  a  straiglit  line  of  dots  into  a  wavy  line. 

The  arrangements  for  causing  the  ink  to  flow  through 
the  siphon  are  parlicuLirly  ingenious  and  distinclive  of  this 
form  of  the  instrument.     The  table  T,  over  which  ihe  paper 


\J 


ribbon  passes,  is  the  end  of  an  electro-magnet,  which  is 
rapidly  magnetised  and  demagnetised  by  means  of  an 
interrupted  current  supplied  to  it  from  a  separate  battery. 
Attached  to  the  writing  point  of  the  siphon  V  is  a  little  bit 
of  No.  30  soft  iron  wire,  about  one-eighth  of  an  inch  long, 
and  0-0I2  inch  in  diameter,  which  is  attracted  ever)-  time  the 
magnet  T  is  energised,  and  sjjrings  back  again  on  demag- 
netisation, thus  setting  the  si])hon  in  vibration  and  knocking 
the  ink  out  of  it.     The  interruptions  of  the  current  which 
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magnetise  T  are  caused  by  the  vibrator  magnet  Z, 
armature,  being  attracted,  causes  a  break  in  the  circuit  at  V, 
which  acts  like  the  break-contact  of  an  electric  trembling 
bell.  Thus  when  the  armature  is  attracted,  the  current  in 
Z  and  T  is  broken,  the  armature  flies  oflf  again,  remaking 
the  contact  at  V,  is  again  attracted,  and  so  on.  The  rale  i>f 
vibration  of  the  armature,  and  therefore  of  the  interruptions 
of  the  current,  is  regulated  by  the  quantity  of  the  mercuTy 
in  the  glass  tube  W  attached  to  the  armature.  This  tube  is 
connected  by  a  flexible  tube  to  a  reservoir  X,  containing 
mercur)'  ;  in  this  reservoir  is  a  plunger,  which,  when  moved' 
up  or  down,  alters  the  level  of  the  mercury  in  W,  thus 
altering  the  moment  of  inertia  and  time  of  swing  of  the 
vibrating  armature.  The  rate  of  vibration  of  W  must  Ik- 
adjusted  to  correspond  with  the  naturnl  iKrriod  of  vibration 
of  the  siphon  P,  for  it  is  only  when  the  impulses  arc  tiin 
to  agree  with  this  pcritwl  that  the  rL-((uircd  cfTect  is  pruduccj/ 
By  altiTing  the  mercury  in  \V  the  rale  can  be  varied  between 
60  and  100  impulses  per  second. 


The  Telephone. 

Wonderful  as  are  the  results  attained  by  the  telegraph,  it 
must  be  admitted  that  the  achievements  of  the  telephone 
are  still   more  wonderful.     For  though  communicating  l»y 
preconcerted  signals  over  a  distance  of  thousands  of  miles 
is  an  exploit  which  in  the  no  very  distant  past  would  have 
been  pronounced  absolutely  imjwssible,  the  reproduction  of 
spoken  words  marks  a  further  advance  not  k-s'.  surprising,! 
and,  at  first  sight,  incredible.     If,  then,  the  history  of  thci 
dcvelopmeni  of  the  former  is  comprised  within  the  biicf 
space  of  die  List  one  hundred  and  fifty  years,  it  is  nt»ti 
remarkable  that  the  record  of  the  Inttcr  commences  still 
later,  anil  covers  a  jwriod  t>'  irs. 

The  difficulties  I'l '"■ '-'MI  •  i..i.r..c;,i..^^ 
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by  a  careful  study  ol  that  part  of  the  science  of  acoustics 
which  treats  of  the  forms  of  the  waves  by  which  speech  is 
transmitted  through  the  air  from  a  talker  to  his  auditor. 
These  waves  are  exceedingly  complicated.  Neglecting  for 
a  moment  the  difference  in  the  method  of  propagation,  a 
slight  idea  of  the  complicated  nature  of  the  waves  may  he 
obtained  by  observing  the  waves  of  the  ocean  during  a 
heavy  storm.  There  are,  first,  the  heavy  rollers,  with  an 
interval  of  hundreds  of  feet  from  crest  to  crest ;  but  between 
the  two  crests  of  successive  rollers  there  is  a  series  of 
numerous  waves  whose  size  is  by  no  means  contemptible. 
On  these  large  waves  are  superimposed  again  still  smaller 
waves,  whose  surfaces  in  their  turn  are  furrowed  by  ripples, 
and  even  the  ripples  have  still  smaller  corrugations  disturbing 
the  smoothness  and  regularity  of  their  forms.  Endeavour  to 
fix  the  attention  on  a  single  p.iriicle  of  the  surface-wafer,  and 
consider  for  a  moment  how  complicated  its  motion  must  be 
under  the  influence  of  all  these  waves.  Then  pass  to  the 
case  of  the  sound-transmitting  air,  and  realise,  if  i)ossibIe, 
that  the  motions  of  any  individual  particle  of  air  when  trans- 
milting  speech,  are  much  more  complicated  than  those  of 
the  jiarticles  of  water  in  the  previous  case,  and  much  more 
rapid,  inasmuch  as  some  of  the  smaller  ripples  consist  of 
vibrations  of  which  hundreds  take  place  in  a  single  second 
of  time.  The  difficulty  of  the  problem  to  be  solved  will 
now,  we  hope,  be  somewhat  apparent.  The  voice  of  the 
speaker  sets  up  these  complicated  disturbances  in  the  air 
immediately  surrounding  him.  These  disturbances  have, 
then,  to  be  reproduced  in  their  entirety,  wave  for  wave 
and  rijjple  for  ripple,  down  to  the  minutest  peculiarity,  at 
the  distant  place,  in  order  that  the  listener  may  recognise 
not  only  the  words  sjioken,  but  also  the  intonations 
and  inflections  of  the  voice  of  the  speaker.  That  the 
reproduction  is  not  altogether  perfect,  as  yet,  under  all 
circumstances    is    not    to    be    wondered    at ;    the    wonder 
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rather  is  thai  any  recognisable  sound  should  have  been 
produced  at  all. 

Historical. — The  idea  of  tran.smitting  sounds  to 
distance  along  a  stretched  wire  or  string — as  in  the  sq 
called  "  lovers'  telephone  " — is  very  old  ;  but  these  tran 
missions  were  purely  mechanical,  and,  from  their  n^ttur 
limited  lu  short  distances.  It  is  not  necessary,  therefore 
to  consider  them  in  iletail. 

The  first  discovery  in  the  direction  of  tlic  possibility  o 
electrical  transmission  of  sound  was  made  in  1837  by  V*f,'e[ 
who  observed  that  sounds  were  emitted  by  an  iron  Uii 
when  being  magnetised.  Joule  afterwards  showed  thai 
these  sounds  were  accompanied  by  a  very  small  bu 
measurable  extension  of  the  bar  in  the  direction  o 
magnetisation,  and  were,  therefore,  due  to  sudden  mol 
cular  movements.  Attempts  were  made  from  time  to  timi 
to  utilise  this  discovery  of  Page's  telephonically,  but  noni 
were  successful  until  1861,  when  Philip  Reis,  a  Cicrma 
schoolmaster,  solved  the  problem,  and  actually  transmittei 
musical  sounds  electrically  to  a  distance.  Indeed,  there  i 
very  little  doubt  but  that  Rcis  also  transmitted  articulal 
speech.  His  transmitter  consisted  of  an  instrument  will 
a  loose  contact,  whose  action  will  be  better  understCKX 
after  we  have  described  some  modern  transmitters.  Hi; 
receiver,  however,  was  based  on  Page's  discovery,  and  con 
sisted  of  a  knittingnee<lle  surrounded  by  a  simple  solenoii 
and  mounted  on  a  resonance -box  ;  and  it  was  on  the  mo 
lecular  sounds  of  the  magnetisations  and  demagnetisation; 
set  up  by  the  fluctuating  currents  in  the  coils  that  he  de 
pcnded  for  the  reproduction  of  the  distant  sounds, 
fortunately  Reis'  discoveries  were  not  brought  pronii 
before  the  scientific  world  at  the  time,  with  tlic  r 
fifteen  years  later  (in  1876)  Graham  Ik-11  and  Kbstw 
each  working  indc|)en(lcntly  and  •■•  ' 
Rcis'  work,  produced  the  i>raclical  m 
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which  form  the  starting-point  of  modem  telejihony.  By  a 
strange  coincidence  both  these  inventors  applied  to  the 
United  States  Patent  Office  for  their  patents  on  the  same 
curiousJy  significant  day — viz.,  St.  Valentine's  Day,  February 


Fig.  304.— The  K»rly  Bell  Telephone. 
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h,  1876.     This  brings  us  to  the  er.i  of  modem  telephony, 
of  which  we  shall  now  give  a  brief  account. 

Modern  Telephony.— In  this  subject  wc  propose  to 

follow    the   same   plan   that  was  employed   in   treating   of 


/ 


Fig.  1C.5.— Section  of  the  Bell  Telephone. 


modern  telegraphy,  and  to  describe  separately  the  trans- 
mitters, the  receivers,  and  the  circuits  and  accessories. 
Wc  shall,  however,  .iltcr  the  order  somewhat,  and  describe 
I  tJie  receivers  before  the  tiansmittcrs,  for  the  curious  reason 
ll»'  '       /  telephones  and  most  modern  receivers  can 

irnnsmitters.    though  transmitters   of  a 
inuut  act  as  receivers,  are  preferable. 
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Telephonic  Receivers.— TV/^-  Bell  TeUpJwm.-ASVi, 
out  lingering  over  the  deuils  of  the  successive  stejM  bjr 
which  Mr.  Graham  Bell  evolved  the  telephone,  most  interest- 
ing though  those  steps  are,  we  shall  at  once  describe  the 
very  complete  instrument  patented  in  1876. 

The  outside  appearance  of  this  instrument  is  depicted 
in  Fig.  304,  and  a  cross-section  on  a  slightly  larger  scale  is 
shown  in  Fig.  305.  At  the  hack  of  a  mouthpiece  t  which 
collects  and  concentrates  the  sound-waves  there  is  placed  a 
thin  disc  11- of  ferrotype-iron,  such  as  is  soinciimes  used  by 
photographers ;  the  disc  is  clamped  firmly  round  the  rim, 
but  its  central  portions  are  free  to  vibrate.  Immediately 
behind  the  disc  is  one  |X)le  of  a  straight  steel  barmagnct  *», 
which  runs  down  the  centre  of  the  handle  and  can  be 
moved  ne.ver  to  or  farther  from  the  disc  by  the  sciuw  at 
the  far  end.  Surrounding  the  forward  pole  of  the  bar- 
magnet,  in  a  chamber  hollowed  out  behind  the  disc,  is  a 
coil  /'/'  of  fine  insulated  wire,  the  ends  of  which  are  con- 
nected by  means  of  the  wires  dd  passing  through  the  handle 
to  the  binding  screws  V  V,  which  are  the  electrical  terminals 
of  the  instrument. 

It  will  be  observed  that  this  wonderful  instrument  is 
extremely  simple,  and  consists  of  very  few  parts.  How, 
then,  can  it  produce  such  .Tstonishing  results?  A  careful 
consideration  only  makes  us  the  more  astnnished  as  wo 
realise  how  wonderfully  subtle  Faraday's  law  of  magneliv 
electric  induction  is  in  its  far-reaching  consc<}uences.  One 
way  of  stating  this  law  is  to  say  that  whenever  magnetic 
lines  of  force  cut  conductors,  cicctrii  j)ressurcs  or  E.M.F. 
are  set  up  in  these  conductors.  Apply  this  to  the 
before  us,  The  soft  iron  disc  rr,  by  its  1 
the  pole  of  the  ni.ignct  in,  modifies  the 
the  neighbourhood  of  that  pole,  the  lines  being  drawr 
the  iron  in  the  manner  already  fully  dcstribed  in  prec 
ihaptcrs,     Now  when  this  disc  is  set  in  vibiation  b; 
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sound-waves  impinging  on  it,  its  various  portions  swing 
backwards  and  forwards  in  the  field  of  the  magnet.  To 
every  position  of  the  disc  there  corresponds  a  definite  dis- 
tribution of  the  field,  and  thus,  as  the  disc  is  coiuioually 
changing  its  position  by  vibration,  so  will  the  magnetic  lines 
of  the  field  be  thrown  into  a  state  of  tremor  in  which  they 
will  be  continually  cutting  the  conducting  wires  of  the  toil 
bb  and  setting  up  ELM.F.'s  therein  proportional  in  magnitude 
and  direction  to  the  rait  of  cutting.  If,  therefore,  bb  form 
part  of  a  closed  circuit  there  will  be  set  up  in  this  circuit 

Line-Mnn 


Ft£.  306.—  Diagnim  of  Bell  Transmitter  ami  Receiver. 

"vibrating  or,  as  we  i)refer  to  call  them,  alternate  currents, 
which  follow  the  E.M.F.'s  through  all  their  changes. 

To  understand  how  these  currents  again  give  rise  to 
sound-waves,  consider  a  similar  instrument  fixed  in  the 
circuit  of  bb,  as  shown  at  b'  in  Fig.  t,o(i.  'i'hc  alternate 
currents  passing  round  the  coil  //  alternately  strengthen 
and  weaken  the  magnetism  of  the  pole  N'  of  the  magnet 
N'S',  and  thus  affect  the  distribution  of  the  field  in  its 
neighbourhood.  In  this  field  is  another  soft  iron  disc 
similarly  placed  to  that  in  the  transmitter,  and  the  varying 
attractions  on  this  disc,  due  to  the  varying  field,  set  it  in 
vibration  in  such  a  manner  thai  the  air  in  the  mouthpiece 
t  becomes  agitated  with  sound-  waves  similar  to  those 
originally  directed  into  the  distant  mouthpiece  c. 
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But  though  we  can  thus  follow  in  detail  the  vnrious 
transformations — acoustical,  mechanical,  magnetic,  and  elec- 
trical— which  take  place,  a  thoughtful  mind  cannot  but  be 
lost  in  profound  wonder  at  the  faitlifulness  with  which  each 

effect  follows  the  cause  pro- 
ducing it  through  all  the 
delicate  complexities  of  its 
multitudinous  changes ;  and, 
as  before  remarked,  the  as- 
tonishing aspect  is,  not  that 
the  sounds  heard  at  the  dis- 
tant end  should  not  be  exactly 
the  same  as  those  tluown 
into  the  transmitter,  but  ihat 
any  recognisable  articulation 
at  all  should  survive  through 
so  varied  a  course  of  transfor- 
mations and  transmissions. 

Such  was  the  Magneto 
Telcphfjne  as  given  to  the 
world  by  Oraham  Bell  in  1876. 
As  already  remarked,  the  in- 
strument had  to  play  the 
part  l)oth  of  a  transmitter 
and  a  receiver.  In  the  former 
function  it  has  been  super- 
seded by  a  class  of  instru- 
ments depending  ujxm  a  diflTcr- 
cnt  principle  of  action  ;  but 
ns  a  receiver  the  Bell  Tele- 
phone, in  some  of  Its  numerous  modifications,  is  still  »'  - 
most  reliable  and  best  instrument. 

These  inodiMcitions,  whether  made  by  the  ori^iiuil 
inventor  himself  or  by  others,  arc  not  very  hmdamcotaL 
The  most  striking  consists  in  bringing  two  magnetic  potcs 


V\t.  jt7.— The  tioublcl'olc  lltll  1  clc 
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of  oppositu  kinds  near  the  disc,  so  that  the  latter  plays  a 
more  important  part  in  the  magnetic  circuit,  and  therefore 
the  variations  of  its  position  become  more  effective.  One 
of  the  latest  forms  of  such  a  double-i>olc  telephone  is  shown 
in  Fig.  307,  which  represents  the  pattern  manufactured  by 
the  Western  Electric  Company.  Instead  of  the  straight 
bar-magnet  of  Fig.  305,  we  have  a  steel  horse-shoe  magnet 
N  S,  having  soft  iron  polar  extensions  ns  damped  on  to  it, 
with  their  ends  coming  very  near  the  ferrotype  disc.  The 
coils  C  C  arc  slipiwd  over  these  polar  extensions,  their  ends 
being  brought  to  the  terminals  T,  as  in  the  original  Bell 
telephona  The  outer  case  is  of  ebonite,  the  niouth-i)iecc 
being  screwed  on  as  shown.  A  packing  ring  nf  blotting- 
pajK-r  is  often  interposed  between  the  ebonite  and  the  disc, 
enabling  the  latter  to  be  more  firmly  and  softly  clamped. 

As  illustrating  the  modifications  in  form  which  the 
instrument  may  take,  Fig.  308  represents  the  "  \A\t\ " 
iwttem.  In  this  the  magnet  M  is  circular,  and  forms 
the  handle  by  which  the  telephone  is  held.  This  magnet 
has  also  soft  iron  [lolar  extensions,  on  which  the  coils  s  s  are 
placed.  Another  feature  is  the  presence  of  a  comparatively 
massive  ring  a  a  of  soft  iron  fixed  to  the  back  of  tlie  mouth- 
piece, and  close  to  the  iron  disc  on  its  outer  side.  The 
presence  of  this  ring  improves  the  magnetic  circuit,  and 
causes  more  lines  to  flow  acro.ss  the  disc,  which  thus 
vibrates  in  a  more  concentrated  field. 

Many  other  variations  of  the  Bell  telephone  have  been 
invented,  some  of  them  merely  with  the  object  of  evading 
the  patents  ;  but  the  above  examples  will  be  sufficient  to 
cxi)lain  the  fundamental  i^rinciples  ujwn  which  the  action  of 
all  of  thcni  depends. 

Telephonic  Transmitters.— Turning  now  to  trans- 
mitters, consider  carefully  the  preceding  explanation  of  the 
action  of  the  Hell  telephone  when  used  as  a  transmitter, 
ind  it  will  appear  that  the  true  function  and  object  of  such 
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an  instninient  is  to  imi)ress  uiion  the  current  in  the  lutis-J 
milling  line  wire  Huctuations  accurately  corresponding  ial 
phase  and  period  with  the  movements  of  the  air  particles 
which  constitute  the  sound  waves.      The    Bell    telephone 
accomplishes   this   object    by    generating    in    the    electric 
circuit  E-M.F.'s  of  the  re(juired  phase  and  period,  whic 
give  rise  to  corresponding  current.-;,  somewhat  altered,  how-- 


t\t.  ji4,-T)tt  "A4«r-  v.- 


ever,  by  the  cfTeils  of  self-induction  and  caincitv.  as  atre;idy 
cx(Jaincd  in  the  section  on  alternate  currents. 

But  there  IS  obviously  another  way  of  causing  tae  re- 
quired x^naiions  of  lurrent,  an<l  that  is  to  pat  •  SOWOc  ol 
ttcsMly  IIM.F.  in  the  ciicuit  and  then  lu  t-ar)  the  drcuit 
trsisiauct:  so  as  to  (ifoducc  Ihc  desired  ellett.  If  •- 
dearly  necessary  that  tlic  rariations  of  resistance  sir 
bo  !>y   liic  acboi 

SOU!  I'V  Rdnoa  ir-       ,  .     i 
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vibration  by  the  sound  waves,  w.is  caused  to  press  against  a 
carbun  button  placed  behind  it  and  included  in  the  circuit. 
The  whole  subject  was,  however,  carefully  investigated 
in  the  following  year  by  Professor  I  J.  K.  Hughes  in  a  series 
of  masterly  researches,  which  led  to  the  invention  of  the 
microphone.  During  these  researches,  Hughes  showed 
that  the  effect  in  Kdison's  carbon  transmitter  was  due  not 
to  an  alteration  in  the  resistance  of  the  carbon,  as  the 
inventor  had  supposed,  but  to  the  variation  in  the  re- 
sistance of  the  louse  contact  between  the  larbun  and  the 
vibrating  plate,   this  contact   being  part  of    the   electric 


Fig*.  3<»j  .in<l  ;i  10.— Hughes'  Melallic  Micropltoite*. 

circuit.  Still  further,  Hughes  showed  that  the  resistance 
of  any  loose  contact  which  is  part  of  an  electric  circuit  is 
peculiarly  sensitive  to  disturbances  caused  by  sound  waves, 
and  that  it  very  faithfully  follows  these  disturbances  through 
all  their  complexities.  Such  arrangements  of  loose  contacts 
he  called  Microphones. 

For  instance,  the  very  simple  arrangements  shown  in 
Figs.  309  and  310  are  capable  of  producing  microphonic 
effects.  In  Fig.  300,  xy  is  a  glass  tube  about  3  inches 
long,  loosely  filled  with  bron/e  powder,  which  is  kept  in  by 
two  plugs  of  retort  carbon,  connected  by  wires  to  a  Bell 
telei)hone  T  and  a  battery  B.  I'he  lube  is  placed  on  a 
resonance-box   to   increase  the  disturbance.     In  Fig.  310, 


I^^riiC^'      ^"■vT.ai^^ 
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three  French  nails  are  placed,  one  lying  across  the  othei 
two  as  shown,  the  latter  .v_v  being  connected  to  the  tele- 
phone and  the  battery,  When  the  contacts  in  either 
arrangement  arc  disturbed  by  sound-waves,  their  resistances 
alter,  and  the  <  urrenl  in  the  circuit  is  varied,  causing  sounds 
to  be  heard  in  the  telephone  in  the  manner  previously 
explained. 

Greater  sensitiveness  and  more  satisfactory  results  are^ 
however,  obtained  by  using  the  carbon  microphone  shown 


Fig.  311.  —  Huglic)  C^arbon  .NlitToj>hoii(:. 


in  Fig.  311.  Here  a  rotJ  A  of  hard  rarhon,  with  jwIdI 
ends,  is  loosely  held  between  two  caiboti  blocks  C  C,  which 
are  slightly  hollowed  out  to  receive  it.  The  carbon  blockj 
arc  connected  by  the  wires  .r  and  y  to  a  telephone  receive* 
and  battery,  as  before.  The  microphone  should  be  sttwx 
on  cotton-wool  or  indiariibbcr,  and  is  very  sensitive  lo 
sound-effects.  For  insunrc,  the  tramp  of  a  fly  walktnij 
across  the  base  D  can  be  distinctly  heard  in  the  dtstani 
tc1cj)h(int*. 

1  he  arnuigcntcn"  ted  are  ehieHy  of  scientific 
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and  experimental  interest,  as  showing  what  crude  i[t- 
paratus  can  produce  astonishing  effects.  For  the  clear  and 
distinct  transmission  of  articulate  sounds  additional  pre- 
cautions and  more  careful  attention  to  details  is  necessary. 
But  the  fundamental  condiiions  arc  so  simple  that  an 
almost  infinite  variety  of  detail  is  possible,  and  therefore  it 
is  not  surprising  that  numerous  inventors  have  more  or  less 
successfully  occupied  the  field 
interesting  and  widely  used 
instruments  can  be  described 
here. 

The  Edison  carbon  trans- 
mitter (Fig.  312)  is  of  historical 
interest,  because  of  its  in- 
vention before  Hughes'  mi- 
crophonic investigations.  A 
membrane  D,  stretched  behind 
a  mouthpiece,  presses  against 
an  aluminium  or  ivory  knob  A, 
attached  to  a  glass  plate  G ; 
the  latter  is  glued  to  a 
platinum  plate  P,  behind 
which  is  the  carbon  disc  C, 
resting  against  a  solid  metal 
backing.  The  plate  P  and  the 
metal  backing  form  the  elec- 
trodes of  the  instrument,  and 
the  current  passes  from  one 
carbon  disc  C.  The  contact 
C  is  varied  by  the  varying  pressures  caused  by  the  vibra- 
tions of  D,  transmitted  to  P  through  A  and  G,  and  thus  the 
battery-current  flowing  is  caused  to  vary,  as  the  result  shows, 
with  almost  perfect  synchronism. 

Of  the  numerous  microphonic  transmitters  which  fol- 
lowed Hughes'  discoveries,  and  which  employed  the  carbon 


Fig.  31*.— EdiMio'f  CirboD 
Transmitter. 


to   the   other   through    the 
resistance   between    P  and 
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pencil  of  Fig.  31  j,  we  must  be  content  to  describe  one  ooly. 
The  lower  part  of  Kig.  313  represents  the  outside  appearance 
of  the  Crossley  transmitter,  and  the  upper  part,  on  a  larger' 
scale,  the  back  of  the  slo])ing  desk.     The  central   part  of 
this  desk  consists  of  a  thin  pine  board  D,  on  the  back  of 


FiR.  3' 5 


which  the  niicrophdiin    puiw  ils  .irc  imiunied.     There  arej 
four  of  these,  with  their  ends  restin;:;  on  four  carbon  hlotks,' 
and  arranged  electrically,  two  in  parallel  and  two  in  scries. 
The   current   is   passed  through    between   metallic  clamp* 
attached  to  the  right  and  left-hand  l*locks,  and  when  the 
board  is  sjiuken  to,  its  vibrations  sh.ikc  the  lo" 
carbon  pencils,  thus  altering   the  resistance  1 


Thr  Rlake  Tkansmittfk. 

anil  the  magnitude  of  tlie  current.  A  section  is  also  given 
showing  how  the  board  1  >  is  mounted  behind  the  opening 
in  the  desk,  indiarubber  being  interposed  between  the  two. 

A  very  widely-used  form,  more  nearly  resembling  the 
original  Edison  instrument, 
is    the    Blake    transmitter  joB 

(Fig.   314).     An    iron  dis'  r 

M  M,  with  its  periphery 
covered  with  indianibbcr 
is  clamped  behind  a  mouth- 
piece B  hollowed  out  in 
the  solid  wooden  froni. 
ThLs  front  also  carries  a 
metallic  ring  A,  with  anns 
projecting  at  the  top  and 
bottom.  The  toj)  ann 
carries  a  stiff  brass  spring  I-", 
to  which  is  attached  the 
metal  piece  W,  having  the 
shape  shown,  and  with  its 
bottom  shoulder  resting 
against  the  end  of  the  ad- 
justing-screw S.  To  this 
metal  piece  are  attached 
two  springs  F  and  /;  the 
former,  electrically  con- 
nected to  \V,  carries  a  lirass 
button  m,  in  a  recess  in 
the  front  of  which  is 
placed  a  button  of  com- 
pressed carbon  shown  black  in  the  figure,  The  other 
and  lighter  spring  /  is  insulated  from  W,  and  carries 
a  platinum  contact  /,  inicr|X)sed  between  the  carbon 
button  and  the  iron  plate  M.  The  current  is  p.nssed 
through  the  contact  between  the  platinum  and  the  rarl>on, 
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and  is  varied  by  the  vibrations  of  M.  It  also  passes 
ihrougl)  the  primary  of  the  induction  coil  J,  whose  function 
will  be  explained  later  on. 

One  of  the  simplest  transmitters,  and  one  which,  in  its 
variims  modiricalions,  is  now  widely  used,  especially  for 
long-distance  working,  is  the  Himning's  transmitter  (I'lg-  315), 
invented  by  an  English  clergyman  in  1878.  A  small  hollow 
chamber,  about  i\  inches  in  diameter,  in  a  block  of  VFood^g 
has  a  plate  B  of  carbon  or  |ilatinum  fixed  at  the  back,  ani^^H 
electrically  connected  to  the  binding-screw  C.  The  rest  of 
the  chamber,  which  is  then  only  from  j-^  to  j|  inch  deep, 
is  loosely  filled  with  granulated 
carbon  free  from  dust,  on  the  top 
of  wliich  is  placed  a  diaphragm  D 
of  platinum  foil  The  diaphrsgin 
is  held  in  its  place  by  the  met, 
ring  A  A,  connected  to  the  termi 
C,  and  clamped  down  by  the  block 
of  wood,  out  of  which  the  mouth- 
piece is  hollowed.  Opjjosilc  the 
bottom  of  the  mouth-piece  the  dia- 
phragm is  jirotected  from  injury  by 
a  piece  of  wire  gauze.  The  currcol 
is  jKJSsed  from  D  to  B  llu  '  "  <i 
granulated  carbon,  and  the  microphonic  effects  arc  >  , 

probably  because  of  the  numerous  contact  points,  Iwth  al 
the  electrodes  and  within  the  mass  of  the  carbon. 

The  transmitters  above  described  include  most,  if  not  all, 
of  the  leading  types  which,  in  some  form  or  .in>  ■ 
now  in  actual  use.    The  variations  in  details  arc  altn  , 

less,  and  many  of  these  variations  are  exceedingly  iDiponaoi, 
for  the  whole  effect  produrctl  being  due  t      '  ' 

a  multitude  of  vcrj-  minute  causes,  it  is  n  1 

changes  in  the  arrangement  or  pro])ortions  oi  the  |jart»  may 
have  a  considerable  influence  on  the  c/Tcct.     But  t*i—     -■,: 


File.  3IJ.— The   [Innniiic'ft 
Grnnular  Transmitter. 
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details  which  are  chiefly  of  technical  interest,  and  the  fore- 
going will  probably  enable  ihc  reader  lo  readily  follow  any 
of  them  which  may  conic  under  his  notice. 

The  Induction  Coil  or  Transformer.— An  essential 
feature  of  microphonic  transmission  is  an  induction  coil,  in 
the  primary  or  thick  wire  circuit  of  which  the  battery  and 
microphonic  contacts  are  placed,  whilst  the  transmitting  line 
is  attached  to  the  ends  of  the  secondary  circuit. 

The  jirinciples  and  the  construction  of  induction  coils 
are  fully  explained  in  the  next  1  hapter  in  connection  with 
the  alternate-current  transformer.  For  our  present  purpose 
we  may  explain  that  the  transformer  (sometimes  called  a 
traits/ator)  used  in  telephonic  work  consi.sts  ofa  bundle  of 
tine  iron  wires  surrounded  by  two  solcnoid.s,  one  consisting 
of  a  few  turns  of  comparatively  thick  wire,  and  referred  to 
as  the  primary  circuit,  and  the  other  of  many  turns  of  fine 
wire  known  as  the  secondary  circuit.  If  a  current  in  the 
primary  is  caused  to  fluctuate  in  any  way,  then,  as  fully 
exi)lained  later  on,'  E.M.F.'s  are  generated  in  the  secondary, 
having  periods  and  phases  corresi)onding  to  those  of  the 
fluctuations. 

Now  in  a  microphone  the  fluctuations  of  the  current  are 
caused  by  the  fluctuations  of  the  resistance  of  the  carbon 
contacts.  The  actual  resistances  affected  are  not  very  great 
as  measured  in  ohms,  and,  therefore,  for  their  mere  fluctua- 
tion to  produce  a  great  variation  of  current,  it  is  obvious 
that  the  whole  resistance  of  the  circuit  must  be  small.  For 
instance,  if  the  largest  change  |>roduced  in  the  transmitter 
be  as  great  as  one  ohm,  and  the  whole  circuit  have  a  resist- 
ance of  1,000  ohms,  the  change  in  the  current  will  only  be 
X7,'(,n  part  of  its  actual  magnitude;  whereas  if  the  circuit 
resistance  be  as  low  as  10  or  20  ohms  the  change  will  be 
I'lji  ot  .,'„  of  the  whole  current,  and,  therefore,  relatively  of 
much  greater  im|)ortancc. 

'  I'ajjc  080,  ci  «y-. 
ou 
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But  with  such  a  low  resistance  in  the  circuit  it  would  be 
impossible  for  the  transmitting  line  to  be  very  long,  and 
microphonic  transmitters  could  only  be  used  for  short  dis- 
tances. The  induction  coil  surmounts  this  difficulty.  'I"he 
battery  circuit  passes  only  through  the  microphone  and  the 
primary  of  the  induction  coil,  and  therefore  may  be  crude 
to  have  as  low  a  resistance  as  may  be  desired.  Thus  the 
fluctuations  of  the  current  in  this  circuit  may  be  made  very 
large  in  comparison  with  the  total  current.  It  is  the  rate 
and  magnitude  of  these  Huctuatiuns  which  dctennine  the 
E.M.F.'s  induced  in  each  turn  of  wire  in  the  secondary 
circuit,  and  as  we  may  have  a  very  large  number  of  turns, 
all  electrically  in  series,  we  may  raise  the  total  E.M.I'",  for 
any  particular  fluctuation  in  the  primary  to  any  value  wc 
please.  Thus  the  secondary  being  connected  through 
the  line  to  the  distant  receiver,  these  E.M.F.'s  give  rise  toJ 
the  desired  currents  in  the  coils  of  the  latter.  By  careful^ 
attention  to  the  essential  details  it  is  in  this  way  possible  to 
talk  over  a  distance  of  more  than  i,ooo  miles. 

Telephone  SErs. 

Having  now  described  the  chief  characteristics  of  the 
distinctive  instruments,  it  is  next  necessary  to  show  how 
these  are  combined  and  connected  so  that  they  may  bej 
available  for  ordinar\'  intercommunications.  Evcr>-  us 
of  the  telephone  obviously  requires  as  a  minimum  cqui[v 
ment  a  transmitter  and  a  receiver,  together  with  some 
method  of  calling  the  attention  of,  or  " ringingup,"  his 
distant  friend  when  he  desires  to  speak  to  him.  More 
over,  these  instruments  must  l)e  permanently  connccte 
with  the  different  circuits,  properly  joined,  and  provided 
with  the  necessary  batteries,  switches,  etc.,  arranged  on  a 
simple  and  easily  worked  plan. 

There  are,  of  course,  many  ways  of  accomplishing  thcs 
objects;  but  for  our  purpose  tb'  of  '^''"  'MS 
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designed  "Telephone  Set"  will  be  sufficient.  We  select 
the  apparatus  used  by  the  British  I'osl  Office,  which  has 
the  advantage  of  being  available  for  many  reciuircincnts  of 
telephonic  work. 

The  base  of  the  apparatus  is  shown  in  I'ig.  316  with  the 
cover  removed,  the  cover,  which   carries  the  microphone 


Fig.  3t6.— Hate  of  Post  Office  Telephone  Set. 


on  its  under  side,  being  shown  in  Fig.  317  in  the  position  in 
which  it  would  be  seen  if  raised  from  the  base  board  and 
slightly  tilted  so  as  to  expose  the  microphone.  Lastly,  the 
electrical  connections  are  shown  in  Fig.  318.  The  letters 
in  Figs.  31O  and  318  correspond. 

The  external  connections  arc  made  by  means  of  the 
screws  in  front,  which  are  outside  the  cover  when  the  latter 
[is  in  pla<c.     For  simple  working  on  short  lines  an  ordinary 
002 
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trembling  bell  is  attached  to  screws  i  and  3,  the  line  wires 
to  4  and  5,  and  a  split-battery  {i.e.  a  hatter)-  divided  into 
two  sections)  to  5,  6,  and  7,  whilst  2  and  8  are  left  un- 
connected. 

The  position  indicated  is  that  for  receiving  a  "  call." 
The  receivers  RK  are  hanging  on  the  hooks  of  the  switches, 
pulling  down  the  outside  ends  of  the  levers,  and  bringing 


Fig,  317.— Cover  uid  Micro,jhone  of  ilie  Pobt  OfRcc  Telcpfioac  S«i. 


the  Other  ends  into  contact  with  the  springs  f,  and  <,  to>- 
sfiectively.     The  current   from  the    "ringerup,"  cnlerin^j 
frc>m  the  line-wire  al  4,  passe.s  through  the  !*l>ring  /  at  \\\c\ 
back   to  the  middle  of  the  lever  1.,,  thence  throuj^h   the 
contact  spring  r,  and  the  wire  .1  to  terminal  i,  from  which 
it  passes  through  and  rings  the  bell :  it  then  readies  3, 
whence  it   passes    through   the  contact  spring  r, 
middle  of  lever  I,,  to  tcriiiinal  ^.  and  so  hark  to  Ihi 
nngcr. 

Thus  the  bell  >s  rung,  .ti 
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receivers  R  R  are  lifletl  off  ll»c  liooks  and  the  levers  I,,  I«, 
being  relieved  of  liieir  weiylit,  arc  ilrawn  over  by  springs  so 
as  to  break  contact  with  c^  and  c^  and  make  contact  with 
r,  and  c^  instead.  This  change  directs  the  received  current 
through  a  totally  different  course.  Arriving,  as  before,  at  4, 
and  going  through  p  to  the  middle  of  L.,  it  now  passes  to 
the  contact  spring  c^,  thence  through  the  secondary  or  fine 


Fir-  ;tiS. — Conoeclions  ror  Simple  Workiiis- 

wire  of  the  induction  coil  to  the  receiving  telephones  R  R, 
which  arc  electrically  in  parallel ;  it  then  passes  through  the 
middle  of  lever  I.,  back  to  the  line  through  terminal  5. 
Thus  the  fluctuating  currents  on  the  line  pass  through  the 
receivers,  held  one  to  each  ear,  and  the  message  should 
therefore  be  distinctly  heard. 

In  talking  back,  the  user  talks  clearly  and  distinctly  and 
in  an  <irdinary  conversational  tone,  without  shouting,  to 
wards  the  deal  board,  on  the  back  of  which  the  microphone 
M  is  placed.     This  microphone  is  in  the  circuit  of  one  of 
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the  sections  of  the  battery,  which,  starting  from  $,  passes 
through  the  middle  of  lever  I.,  to  the  contact  spring  <", 
and  the  block  h^  \  from  here  it  i)asses  through  the  mitTO- 
phone  M,  the  block  b^^  and  the  primary  or  thick  wire  of  the 
induction  coil  back  to  the  battery  by  way  of  terminal  6. 
The  agitation  of  the  microphone  contacts  causes  the  current 
in  this  circuit  to  vary,  and  its  fluctuations  atfect  the  secondary 
circuit  of  the  induction  coil,  setting  up  E.  M.F.'s  therein. 
As  this  secondary  is  part  of  the  circuit  above  described 
for  the  received  currents,  these  K.M.F.'s  transmit  through 
that  circuit  and  the  line  telephonic  currents  which  arc 
received  at  the  distant  station. 

One  other  circuit  has  still  to  be  traced,  viz.,  that  for 
ringini;-up  the  distant  correspondent.  The  receivers  R  R 
being  |jlaced  back  on  the  hooks,  if  the  button  I'  be  pressed 
the  spring  p  changes  its  contacts  to  A  and  closes  the  follow- 
ing circuit.  Starting  from  terminal  5,  the  current  from  ibc 
battery  goes  to  line  and  rings  the  bell  at  the  distant  end, 
returning  by  way  of  4  through  /  and  A  to  the  terminal  7 
and  the  battery.  It  will  be  noticed  that  whilst  the  full 
battery  is  used  for  ringing-up,  only  part  of  it  is  used  for 
the  inicroi)hone  circuit.  This  is  because  the  former  opera- 
tion has  to  be  accomplished  through  a  circuit  of  much 
greater  resistance  than  exists  in  the  circuit  of  the  latter. 

With  the  same  internal  connections  the  apparatus  can 
be  used  for  exchange  work  or  at  an  intermediate  office j 
and,  if  necessary,  a  relay  can  be  inserted  for  ringing-up 
the  line  circuit  is  long  or  of  too  high  resistance. 


Tei.ei'honi:  ExorrAN(;K.s. 

The  possession  of  the  necessary  transmittem 
ccivcrs,  properly  connected  up  with  switches  aijf* 
though  indis]H;nsable,  is  by  no  '  '0    o» 

item  necessary  fur  complete  tekj  k- 
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Without  the  necessary  conducting  circuits  communication 
would  be  impossible,  and  a  little  reflection  will  show  that, 
however  wealthy  a  man  may  be,  it  is  practically  impossible 
for  him  to  run  all  the  circuits  that  he  would  require  for  his 
daily  use  even  within  the  radius  of  a  single  town,  not  to 
mcnlion  the  extension  of  his  communications  to  towns  in 
distant  parts  of  the  country.  It  is,  of  course,  possible  for 
a  man  or  a  firm  to  own  two  or  three  jirivatc  lines  con- 
ncf  ling  sjjccial  |)oints,  or  to  set  up  a  system  of  circuits 
within  the  bounds  of  a  large  factory  or  mercantile  estab- 
lishment ;  but  the  practical  limit  of  extension  in  these 
directions  is  soon  reached. 

The  provision  of  the  necessary  conducting  circuits 
therefore  naturally  becomes  the  function  either  of  the 
Government  of  the  country  or  of  public  companies  formed 
for  the  express  i)urpose,  these  recouping  themselves,  or 
earning  a  dividend  on  their  capital  expenditure,  by  charging 
a  toll  or  rent  to  the  jjersons  who  use  the  circuits. 

But  in  providing  the  circuits  another  consideration  very 
soon  becomes  prominent.  Kvery  subscriber  or  renter 
paying  for  the  privilege  of  using  a  certain  system  of  circuits 
may  not  unreasonably  desire  that  it  should  be  jx)ssible  for 
him  to  communicate  with  each  and  every  other  subscril^er 
on  that  system.  But  to  run  a  separate  circuit  for  every  pair 
of  suhscriliers,  even  though  their  actual  numbers  were  small, 
would  lead  to  an  expenditure  that  would  soon  make  the 
rent  prohibitive,  and  which,  moreover,  would  increase  far 
more  rapidly  than  the  number  of  subscribers.  Thus,  for  25 
subscribers  300  circuits  would  be  required,  for  50  there 
would  have  to  be  1,225  circuits,  whilst  for  the  comparatively 
small  number  of  100  no  fewer  than  4,950  separate  circuits 
would  have  to  be  provided. 

'I'his  difficulty  has  been  met  in  a  way  which,  in  prin- 
'ole,  is  remarkably  simple.  Elach  subscriber  to  the  system 
ivided  with  a  single  ciRuit,  and  the  ends  of  all  these 
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circuits  are  brought  to  some  central  point.  Here  the  circuit 
of  any  one  subscriber  can  t)e  temporarily  joined  to  ihc 
circuit  of  any  other,  as  and  when  required,  forming  then  one 
complete  tircuit  between  the  two  subscribers,  the  connection 
being  iiroken  when  the  conversation  is  finished.  The 
centra]  place  or  room,  to  which  all  the  individual  circuits 
run,  is  known  as  ihe  "  Telephone  Exchange  " ;  and  where  the 
subscribers  are  very  numerous,  or  spread  over  a  large  area, 
it  is  found  economical  to  have  more  than  one  *'  exchange," 
the  various  exchanges  being  connected  by  trunk  lines,  as 
they  are  called,  so  that  still  any  subscriber  can  be  i>ut  in 
communication  with  any  other  on  the  system. 

Though  the  art  of  telephonic  communication,  counted 
by  years,  is  still  in  its  infancy,  numerous  systems — some 
complicated,  some  simple — have  been  industriously  devised 
to  quickly  and  simply  perform  the  changes  and  make  the 
necessary  connections  at  the  exchange.  The  description  of 
these  various  systems,  with  all  their  details,  would  akme  fill 
a  fair-sized  book,  and  we  shall  therefore  confine  our  remarks 
to  indicating  the  chief  characteristics  of  one  of  the  RMist 
recent. 

Before  doing  this,  it  will  perhaps  tend  to  clearness  if 
we  first  summarise  the  various  re<|uiremenls  that  an  ex- 
change must  necessarily  fulfil.  First,  the  subscriber  must 
be  able  to  "  ring  up  "  the  exchange—  that  is,  Ihc  attention 
of  the  attendant  must  be  called  to  the  fact  that  a  certain 
subscriber,  usually  indicated  by  a  numeral,  desires  to 
converse.  The  attendant  has  then  to  talk  with  the  sub- 
scriber and  ascertain  which  other  subscriber  he  wishes 
to  communicate  with.  The  attendant  must  then  find 
out  whether  the  other  subscrd)et's  line  is  at  liberty, 
and,  if  so,  connect  the  two  lino  together  to  such  a 
way  that  the  antaatatioH  passing  ntiiMt  te  astrhearJ  in  ih 
r  ympi^rtaiH.     W! 

n  be  Aj 
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'foct,   so  that  lie  n»ay  disconnect  the  lines.     Thus,  though 
the  main  idea  is  simple,  a  fair  number  ot  subsidiary  opera- 

1  tions  have  to  be  provided  for. 

The   description   of    the    switch-board    on   which    the 

[various   changes   are   made    will    be  more   easily  lollowed 
after  one  or  two  subsidiary  pieces  of  apparatus  have  been 
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Fif   519. —  The  Cord-pcf  Connector. 

described.  Of  these  the  simplest  is  the  (ord-fxg  shown,  full 
size,  in  Fig.  3 1 9,  where  the  upper  figTire  represents  the  outside 
api)earance,  and  the  lower  one  shows  the  |x;g  with  the  shield 
/  removed.    This  latter  part  is  of  metal  of  the  shape  shown ; 
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Fif.  3JO. — Section  of  a  Switch*«|vhig. 


the  small  cylindric  projection  C,  with  iu  terminal  knob,  is 
for  making  connection  with  the  contacts  .ind  springs  behind 
the  switch-board.  A  flexible  insulated  conductor  enters 
the  peg  centrally  at  the  other  end,  and,  passing  through  a 
bored  out  space,  is  made  fast  electrically  to  the  screw  S. 
'I  he  switch  springs,  which   are   operated  upon   by  the 
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cord-peg,  are  shown  in  section  in  Fig.  320.    B  represents  the 
wooden  frunl  of  the  switch- board,  into  which  the  brass  tulx 
/'  is  inserted,  giving  the  front  of  the  board  the  appo.iranc 
seen,  full  size,  in  Fig.  321,  where  three  such  holes,  proijcrly 
numbered,  are  shown.     The  block  D  projects  from  the  bark 


Fig.  311,- -The  Switch-iiprinKi  Men  froa  the  froal. 

of  Uie  board,  and  carries  the  separate  brass  strips  /,  l^  and  T. 
Of  these,  the  strip  /,  when  no  peg  is  in  the  hole  N,  is  in  coniart 
with  L  by  nieans  of  the  small  bolt  H.  The  strip  T  is 
soldered  to  the  tube  //,  and  passes  to  the  back  without 
touching  L.     When  a  oord-pcg  is  inserted  in  N,  the  knob 
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Ktf!.  3fla. — Priiidpte  of  the  "  Molnple  "  Switch-lknrd. 

at  its  end  presses  against  the  inclined  end  of  the  strip  L 
lying  immediately  behind  the  hole,  and  m.ikcs  good  contactj 
with  it,  at  tlie  same  time  pushing  it  out  of  (he  contact  with" 
ihc  bolt  H.    The  connection  between  it  and  /  is  therefore 
broken,  and  .simull.Tneoiisly  the   flexible  conductor  at  the 
other  end  of  the  peg  i»  electrically  connected  to  L. 
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Turning  now  for  a  momenl  to  the  general  electrical  plan 
of  the  board,  the  princi|jle  used  is  shown  diagramniatically 
in  Fig.  322.  The  whole  switch-board  is  divided  into 
sections,  of  which  three,  A,  B  and  C,  are  shown  in  the 
figure,  where,  to  avoid  confusion,  only  the  wires  for  six 
subscribers  appear.  Each  subscriber  has  a  switch  spring 
similarly  numbered  on  each  section  of  the  board.  For 
instance,  if  the  wire  marked  401  on  the  left  he  traced,  it 
will  be  found  to  run  through  a  numbered  pair  of  springs  at 
each  section,  and  to  be  finally  put  to  earth  after  passing  C. 

The  line-wire  of  each  subscriber  therefore  ])asses  behind 
each  section  of  the  switch-board,  and  in  each  enters  the 
appropriate  switch-spring  by  the  strip  I.  (Fig.  320),  and 
leaves  it  by  the  strip  /.  l-'.ach  section  is  in  charge  of  a 
separate  attendant,  but,  though  all  the  wires  run  to  each 
section,  tiie  call  apparatus  for  the  various  subscribers  is 
divided  between  iheni.  Thus,  subscribers  1  to  200  have 
their  call  indicators,  etc.,  fixed  on  section  A,  201  to  400  on 
section  B,  and  so  on.  As  a  matter  of  fact,  each  subscriber 
belonging  to  section  A  has  two  switch-springs  on  that 
section,  one  in  its  projjer  position  amongst  the  springs  of 
all  the  other  subscribers  on  the  board,  and  the  other, 
known  as  his  "  local,"  in  a  separate  part  of  the  section. 
Attendant  A  can  therefore  only  be  "  rung-up "  by  sub- 
scribers I  to  200,  but,  having  ascertained  the  wishes  of  the 
ringer-up,  he  can  put  him  in  communication  with  any  other 
subscriber  on  the  board  by  simply  inserting  the  two  pegs  at 
the  end  of  the  same  flexible  conductor  in  the  corresponding 
holes,  thus  bringing  the  line-wires  of  each  into  electrical 
connection  through  the  strips  L,  the  pegs,  and  the  flexible 
conducting  cord. 

Having  explained  the  general  plan  of  the  board,  wc 
may  now  show  the  electrical  position  of  the  rest  of  the 
apparatus,  and  for  this  purpose  are  traced  in  Fig.  323  the 
connections  of  a  line  (No.  927)  through  four  sections,  D,  E, 
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F  and  (i,  nf  the  board.  As  already  explained,  each  of 
these  set  tioiis  contains  200  "  locals,"  aj  shown  by  the 
nuniixTS  attached,  but  all  the  subscribers  have  switch- 
springs  on  each  section.  The  "  local "  and  indicator  for 
No.  927,  the  wire  traced,  will  be  found  on  section  K  (801 : 
to  i,ooo) ;  but  before  reaching  that  section,  it  has  nWcady^ 
passed  lliroiigii  switch-springs  on  the  preceding  sections. 
On  £  it  passes  through  a  switchsj)ring  in  the  same  position 
as  on  the  other  boards,  and  abo  through  another  marked 
"  local "  in  a  different  part  of  the  section.     After  passing 
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the  local,  it  passes  through  switch-springs  on  each  of  the 
remaining  sections,  and  then  returns  to  the  indicator  on 
section  E,  after  which  it  is  put  to  earth  to  complete  the 
circuit.  A  cotd-peg  is  shown  inserted  on  section  K,  in 
order  to  connect  927  to  some  other  subscriber  whose  local 
is  on  that  section.  The  effect  of  this  is  to  discorr 
from  his  indic<ntor  and  its  earth,  and  to  put  him  • 
test-wire,  as  well  us  in  connection  with  his  corrcsponden 
His  connection  to  the  test-wire  enables  any  of  the  sw 
board  o[)crators  on  the  other  sections,  by  applying  a  si; 
test,  to  ascertain  that  wire  927  is  engaged,  thus  prevenitni; 
awkward  mistakes. 
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It  will  now  be  possible  to  understand  (he  arrangement 
the    switch-board    itself,    which   is  shown   in    sectional 
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V'iii,*,  3M  *ad  325. — SecUocuU  and  Frvnl  Elevation  of  a  Multiple  S witch- BjnxU. 

elevation  in  Fig,  324,  and  in  front  elevation  in  Fig.  325.  The 
figures  represent  a  Western  Electric  multiple  switch-board. 
The  indicators  of  the  subscribcis  belonging  to  any  section 
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are  at  A,  and  the  "  local  "  switch-springs  already  referrcii  to 
are  at  H,  both  within  easy  reach  of  the  ojH.'rator  sitting  in 
front  of  the  table.  At  C  are  the  switch-springs  of  all  the 
subscribers  on  the  exchange  arranged  in  hundreds,  in  the 
manner  partly  shown  in  Fig.  321,  so  that  any  required  .spring 
can  be  quickly  found.  At  D  are  the  "ring-off"  indicators 
— i.(.  the  indicators  which  show  when  the  conversation  is 
finished,  and  that  the  connections  may  be  broken. 

The  construction  and   mode  of  action  of  the   "indi- 
cators "  has  still  to  be  explained.     Of  these  there  are  vctj- 


rig.  396. — Eleclric  liidicstur. 


numerous  patterns,  dififering  in  minor,  but  sometimes  im- 
portant, det.iils.  A  ver>-  good  one,  known  .is  the  "  Danvers" 
pattern,  is  shown  in  Fig.  326.  A  two-limb  electro  magnet 
M,  placed  behind  the  indicator-board,  has  an  armature  A 
pivoltcd  .IS  shown,  and  with  an  extension  passing  through 
slot  in  the  Iraniewurk.  I'he  front  end  of  the  lever  is  hek 
depressed  by  a  strong  spring,  which  can  be  adjusted  by  the 
screw  S,  and  which  thus  pulls  the  armature  A  ofT  x\ 
mngnet  M  when  the  current  is  not  passing.  At  the  end 
this  front  ami  is  a  catch,  which  usually  engages  with  the  % 
edge  of  and  holds  up  the  shutter   P.     But  when  >* 
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ailracted  by  the  magnet,  the  catch  is  lifted,  and  the  shutter 
falls  by  its  own  weight,  exposing  the  plate  G,  on  which  is 
fixed  a  number  by  means  of  a  thin  brass  frame  .<,'.  The 
shutter  P  is  shown  in  the  act  of  falling;  when  in  its  lowest 
position,  a  platinum  point  on  it  rests  on  the  contact  screw 
C,  and  closes  a  local  circuit  in  which  an  electric  bell  is 
placed.  Such  circuits  are,  however,  not  used  in  large 
exchanges,  and  the  attendant  has  to  watch  the  fall  of  the 
shutter,  which  exposes  the  number  of  the  subscriber  who 
has  "rung-up." 

For  simplicity  we  have  described  a  switch-board  with 
earth  returns  ;  where,  for  reasons  given  suljsequently,  com- 
plete metallic  circuits  are  desirable,  the  same  principles  are 
used,  but  the  switch-springs  and  cord-pegs,  etc.,  are  neces- 
sarily more  complicated. 

With  this  wc  must  conclude  our  remarks  on  "  Telephone 
Exchanges,"  and  refer  our  readers  to  technical  books 
We  cannot,  however,  quit  the  subject 
a  brief  reference  to  a  most  interesting 
at    the   present  time   undergoing   rapid 


for  fuller   details, 
altogether  without 
branch,    which    is 
development 


Longdistance  Telephony. 

As  soon  as  we  take  the  conducting  circuit  of  a  telephone 
outside  the  confines  of  a  single  building,  or  run  it  in  the 
neighbourhood  of  wires  in  which  other  electric  currents  are 
flowing,  we  are  at  once  met  with  a  number  of  difficulties,  due 
to  the  fundamental  electrical  laws  already  explained.  For 
instance,  when  the  first  telephones  brought  to  this  country 
fiom  America  were  connected  up,  for  exiieriments,  to  one  of 
the  telegraphic  circuits  in  the  City  of  London,  wc  are  told 
that  the  tapping  of  all  the  Morse  keys  in  the  city  could  be 
heard  in  the  receiver,  producing  such  an  overwhelming  noise 
lliat  conversation  was  out  of  the  question.  And  in  the  early 
d  ents  "  cross-lalk  "  and  noises  of 
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all  kinds  from  neighbouring  wires  were  frequent  causes 
complaint  from  the  subscribers. 

All  these  disturbances  are  due  to  the  far-reaching  chai 
acler  and  applicability  of  the  laws  of  induction,  both  magncu 
electric  and  electrostatir.  In  the  above-mentioned  case  th 
telephonic  circuit  ran  alongside  the  other  telegraphic  circuit 
in  which  numerous  and  varying  currents  were  bsing  use< 
The  fluctuations  in  these  currents  caused  lines  of  force  t 
be  continually  cutting  the  tele|)hone  circuit,  thus  giving  ri 
to  E.M.F.'s  in  the  latter  which  set  up  currents  aflTecling  th 
telephone  receiver.  This  was  due  to  magneto-eleclric  ii 
duction  ;  but  electro-static  induction  was  also  at  work,  fc 
when  a  conductor  has  its  potential  altered  at  any  pen 
conductors  in  its  neighbourhood  have  their  potcnti. 
niomeiUarily  altered,  and  currents  are  set  up  in  the  latt( 
until  a  state  of  ci|uilibriuni  is  reached.  If,  therefore, 
telephone  be  placed  in  the  last-named  conductor  the* 
currents  will  affect  it. 

It  thus  very  soon  became  evident  tliat,  if  telephony 
ever  to  be  practically  successful,  it  was  absolutely  neccssar 
to  screen  the  telephone  circuit  from  such  dislurlianccs. 
great  improvement  was  effected  by  abandoning  the  cartl 
return,  so  universally  used  in  telegraphy,  and  cniployinj 
instead  a  complete  metallic  circuit,  and  though  5 
improvements  have  enabled  earth  returns  to  be 
in  certain  cases,  recourse  is  now  always  had  to  coniplei 
metallic  circuits  wherever  ^ood  work  is  desired.  In  llie 
circuits  the  two  wires  should  always  be  dose  to — and, 
possible,  twisted  rotiiul — one  another,  so  that  they  will  b<i 
be  at  the  sanie  mean  distance  from  the  disturbing  causi 
which  will,  therefore,  act  eitually  on  both  in  a  way  that  wt 
tend  to  neutralise  its  ■  1  the  com  '  r 

instance,  in  I'ig.  327,  1 1  .d  loop  rij 

circuit,  a  disturbing   can  'tnw   would    produi 


E.M.F.'.H  in  both  mm 
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left  to  right,  as  indicated  by  the  arrows  1  and  2.  An  in- 
spection of  the  figure  will  show  that  if  these  E.M.F.'s  are 
equal,  then,  being  in  the  same  direction  in  space,  they  will 
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Fig.  337. — Neutralisation  of  Induction. 
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H^  neutralise   one  another   in  tht  circuit,  in  which    they  arc 
~    oppositely  directed. 

To   secure    the  equality  of  the  induced   E.M.F.'s  the 

simplest  plan  is,  as  we  have  said,  to  twist  the  two  wires 

of  the  circuit  round  one  another.    In  wires  laid  underground 

this   can    easily    be    managed 

either  wlien  the  wires  are 
^  being  laid,  or,  better  still,  as 
H   is  now  usually  done,  when  the 

cable  containing  many  wires 
^  is  manufactured.  In  the  latter 
^P  case  the  cable  is  now  gencr- 
"    ally  surrounded  by  a  sheathing 

of  lead   connected    to   earth, 

which  forms  the  best  prolec- 

Ition  against  outside  electro- 
static induction. 
Wiih  overhead  wires  the 
twisting  is  not  so  easily  carried 
out.  Two  systems  have  been 
develo[)ed.  In  the  first,  known 
as  the  "  cut  and  cross-over " 
system,  the  wires  are  at  certain 
intervals  cut  and  fastenedoflf  to  the  insulators  on  one  of  the 
poles.  New  wires  start  from  other  insulators  on  the  same 
pole,  and  are  cross  conne(-led  to  the  first  wires,  so  that  for 
I  the  next  few  spans  the  position  of  each  conductor  is  changed 
relatively  to  its  neighbours.    One  of  these  "cross-over"  polef. 


Kig.  3»5,  —Cut  nod  Cross-over  S>  sicin- 
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with  its  double  set  of  insulators,  is  shown  in  Fig.  338.  The 
corresponding  conductors  on  the  two  sides  ot"  the  pole  arc 
similarly  numbered,  and  the  cross-connecting  insulated  wirci 
can  be  traced.  In  this  way  the  disturbances  on  any  in* 
dividual  conductor  due  to  currents  in  its  neighbours  neutralise 
one  another  when  the  whole  circuit  is  taken  into  account. 
In  practice  it  is  found  sufficient  to  cut  and  cross-over  at  the 
end  of  every  ten  or  twelve  spans. 

The  other  method  consists  in  twisting  the  wires  in  the 
air  as  they  pass  from  pole  to  pole,  and  is  illustrated  ia 
Fig.  329,  which  shows   two  wires   so  twisted.     The  plail 
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consists  in  having  long  and  short  arms  alternately  al 
and  below  one  another  on  each  pole.     In  each  span  each! 
wire  crosses  over  cither  hori/.ontally  from  outside  to  insi 
(the  other  wire  ^rossing  in   the  opposite  direction)  or 
crosses  vertically  from  the  upper  to  the  lower  arm.     In' 
this  way  the  wires  twist  com|ilctely  round  one  another  one 
in  every  four  spans. 

By  carefully  attending  to  details  of  this  kind  in  \.\vt 
erection  of  the  lines  it  is  now  found  irassible  to  telcfihom 
over  long  lengths  of  aiirial  wires.  For  such  long  distant 
work  special  trunk-wires,  as  they  are  cillcd,  arc  run  ;  lhe« 
arc  now  invariably  of  copper,  and  arc  u,«  bcavii 

than  ordinary  telegraph   wires,  so  as  in 

icsistance.     Complete  mclalUc  tirci 
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Such  a  trunk  line  has  been  worked  commercially  lor  some 
time  between  New  York  and  Chicago,  a  distance  of  nearly 
i,ooo  miles.  As  the  cost  of  the  erection  of  trunk-lines 
is  unusually  heavy,  a  charge  that  at  first  sight  may  appear 
excessive  has  generally  to  be  made  for  the  use  of  them. 
Thus  the  New  York-Cliicago  line  tariff  is  9  dollars  (37s.  6d.) 
for  five  minutes'  conversation. 

When  we  turn  to  telephony  through  submarine  or  sub- 
terranean cables  a 
new  difficulty  ap- 
pears. We  have 
already  referred  to 
the  effect  of  elec- 
trostatic capacity  in 
blurring  the  signals 
and  reducing  the 
speed  of  working 
on  long  ocean 
telegraphic  cables. 
When,  therefore, 
we  remember  that 
the  telephonic 
currents  are  enor- 
mously more  rapid 
in  their  changes 
than  the  com[)arativcly  sluggish  telegraphic  currents,  it 
is  not  suiprising  that  the  problem  of  long  distance  ocean 
telephony  has  not  yet  been  practically  solved.  We  may 
reni.irk,  however,  that  some  very  promising  solutions  have 
recently  been  proposed  :  but  until  these  are  artu.illy  tried 
with  a  long  and  specially-constructed  cable,  their  feasibility 
cannot  be  considered  as  demonstrated. 

Kor  short  lengths  of  cable,  however,  the  problem   ha 
been   successfully  solved.     Thus    London   and    Pans  are 
connected  by  .1  trunk-line,  including .  33  miles  uf  specially 


Fig.  330. — KulluR  Sccliun  of  ihe  Iriih  I  elei'hoiii: 
Cjble. 
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constructed  sulimarine  cable.  Also  Glasgow  and  Belfast 
are  similarly  connected,  the  cable  span  being  rather  longer 
than  in  the  preceding  case.  Both  these  cables  have  be«n 
'  carefully  designed  by  the  engineers  of  the  British  Post 
Office,  and  we  give  in  Fig.  330  a  full-size  section  of  the 
Irish  one,  which  is  the  most  recent  The  cable  contains 
four  conductors,  each  consisting  of  seven  strands  of  wire. 
It  therefore  has  sufficient  conductors  for  two  complete 
circuits,  and  in  working,  the  two  diametrioilly-opposilc 
ones  are  joined  for  one  circuit  so  as  to  minimise  the 
cross-talk.  The  four  conductors  are  insulated  in  the  usual 
way,  with  gutta-percha,  and  twisted  round  one  another  in 
long  spirals.  They  are  then  covered  with  a  serving  ai 
tarred  hemp  and  a  wrapping  of  a  thin  sheathing  uf  brass 
tape,  shown  by  a  fine  white  line  in  the  section  ;  outside 
this  there  comes  more  tarred  hemp,  and  then  the  protect- 
ing sheathing  of  stout  galvanised  iron  wires,  each  having 
a  diameter  of  028  inch  and  a  breaking-strain  of  3,500  lbs. 
Outside  the  sheathing  is  a  further  protective  coaling  oif 
mineral  pili  h  and  sand. 

The  reason  for  using  the  brass  tape  sheathing  is  a 
curious  one.  In  the  early  days  of  submarine  telegraphy 
much  trouble  was  caused  in  iroi)ic3l  waters  by  the  deftreda- 
tions  of  an  insect  known  as  the  Icredo,  which  has  a  great 
predilection  for  gutta-percha,  and  which,  therefore,  soon 
destroyed  the  insulation.  Latterly,  this  insect,  finding  its 
favourite  food  plentiful,  has  made  its  appearance  in  Brttt»h 
waters;  hence  the  necessity  for  the  brass  sheath,  which, 
fortunately,  constitutes  an  effective  protection  agaittst  il. 
The  French  cable  only  differs  from  the  Irish  one  in  ihc 
alucncc  of  this  l<rass  sheath. 

With  such  land  and  submarine  lines  telephonic  com- 
munication is  succcssftilly  carried  on  between  London  and 

Paris.     It  is  intcrr  • '      '    ■    '     '-ri  - 

2835  miles  of  iv 
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subterranean  ones,  making  311  3  miles  in  all.  More  than 
half  the  electrostatic  caiwcity  of  this  line  is  due  to  the  cable, 
short  as  it  is,  so  that  the  line  is  equivalent  electrically, 
except  in  resistance,  to  an  overhead  one  of  more  than 
double  the  length.  Experimentally,  conversation  has  been 
carried  on  over  this  cable  between  London  and  Marseilles, 
which  is  a  circuit  more  than  equivalent  to  the  New  York- 
Chirajio  line. 

Minor  Applications  of  the  Ma^rnetic  Effect. 

There  are  numerous  applications  of  the  magnetic  effect 
other  than  those  directly  concerned  with  telegraphy  and 
telephony.  When  attention  has  to  be  called  to  something 
occurring  at  a  distant  place,  or  an  automatic  record  has  to 
be  made  of  successive  phases  of  recurring  phenomena,  or, 
still  more  frequently,  when  one  person  requires  the  services 
of  another  who  is  too  far  away  for  the  voice  to  reach  him,  ■ 
the  electric  current  is  an  obedient  and  a  wonderfully  adajitive 
servant.  Thus,  for  instance,  for  fire  and  burglar  alarms,  for 
recording  the  successive  changes  in  the  meteorological 
elements  (temperature,  barometer-pressure,  etc.),  and  last, 
but  not  least,  for  domestic  use  in  the  shape  of  call-bells  and 
otherwise,  nothing  more  convenient  has  hitherto  been 
devised.  Nor  should  we  omit  to  note  that  for  time-keeping 
purposes  a  number  of  clocks  electrically  controlled  can  be 
synchronised  with  great  accuracy. 

In  many,  if  not  most,  of  these  numerous  applications 
the  most  prominent  piece  of  electro-magnetic  apparatus  is 
the  electric  bell.  There  are  many  varieties  adapted  to 
special  purposes,  but  by  far  the  most  common  is  the 
ordinary  "  Trembling  "  IkII,  one  pattern  of  which  is  shown 
in  Fig.  331.  S.  two-limi)  elertro-magnet  M  is  mounted  on  a 
base-board  so  that  its  yoke  and  armature  are  vertical,  or 
nearly  so.  The  armature  A  is  attached  to  a  projection  on 
the  brass  base  P  by  means  of  a  stiff  steel  spring  f,  so  set  up 
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that  when  no  nirrent  is  passing  through  the  magnet  A 
drawn  some  h'tlle  distance  away  from  the  poles.     Behind 
there  is  another  strip  of  steel,  which  should  lie  more  flcxibk 
than  /,  and  which  is  bent  outwards  so  as  to  come  inU 

contact  with  a  pin  , 
(projecting  from  a  shor 
pillar)  when  A  is  hcU 
off  the  poles.  The  dec 
trie  current  starting  fron 
the  terminal  screw  < 
(>asses  through  the  coil 
of  the  magnet  M  to  th) 
screw  d,  which  is  ii 
metallic  connection  wit! 
the  plate  P.  It  thd 
passes  from  the  support 
ing  projection  into  Ih 
spring/  and  the  oth< 
flexible  spring  to  lit 
( ontact  pin  c,  the  pilil 
supporting  which  is  in 
sulatcd  from  1' ;  from  1 
it  goes  to  the  othe 
terminal  screw  /».  Th( 
armature  A  carries,  b 
means  of  a  curved  cJi 
tension  B,  the  hamm« 
K.  so  placed  as  to  strife 
the  gong  n  when  A  is  attracted  to  the  poles  of  the  magnet. 

If,  now,  the  terminals  a  and  h  be  joined  to  the  enils 
a  circuit   containing  a  battery  and  suitalile  circi 
devices,  whenever  the  circuit  is  closed  n'   ■"■  '■' 
point,    the  current   flowing   energises  tli 
attracts  the  .irmaiurc  .\,  causin 
gong.      Hul  .Ti  •ifinn  a^i  A  h;i^  1 


Fl».  33>- 


The  Common  nr  '*  TrrtnhltnK  ' 
KIrclric  Hell. 


I 


Thf.  " Pvsh"  SiyiTcii. 

TRe    Ikxililc   spring   behind    leaves  the  contact   pin  r  and 
breaks  the  cinuit.     The  attraction  then  ceases,  and  A 
drawn  back  by  the  spring  /.     As  it  travels  back  the  circuit 
is  again   made  at  <•,  the  current  again  passes,   A  is  again 
attracted,  and   the  gong 
again     struck.       These 
bjckward   and    forward 
movements   of    A   con- 
tinue as  long  as  current 
is    supplied,    and    thus 
the    bell    continues    to 
ring. 

The    apparatus     for 
closing  the  circuit   de 
pends  upon  the  particu- 
lar  re<iuirenients.      For 
many  domestic  purposes 
the  most   familiar  form 
of  switch  is  known  as 
the  "  push   switch,"  or, 
more        shortly,        the 
"  push."       The  outside 
appearance  is  shown  at 
the    top    of    Fig.   332, 
whilst     the    other    two 
figures  show  the  appar- 
atus   in    plan  and  etc 
vation    with    its    cover 
removed,     To  a  base  A 
of   wood,  slate,  or  por- 
celain, two  springs /and  y,  of  the  shape  shown,  are  attached, 
and  to  these  the  electrical  conductors,  coming  through  holes 
a  and/'  in  the  base,  can  be  screwed.     One  sjiring/,  as  indi- 
cated in  the  elevation,  overlaps  the  other  at  the  centre  without 
touching  it    A  cover  B  is  screwed  on  to  the  screw  thread  d. 
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and  in  the  centre  of  the  cover  is  a  button  or  push  r,  held 
from  falling  out  by  a  t^ange  round  its  lower  edge.  Ordinarily 
c  rests  lightly  on  /,  and  the  circuit  is  broken  by  the  gap 
between  the  two  springs.  Rut  when  c  is  pushed  in,  the 
springs  are  brought  into  contact  and  the  circuit  closed,  thus 
causing  the  distant  bell  to  ring. 


I'ii;.  333.-  Electnc  BcU  Circuit-v. 

The  method  of  connecting-up  an  electric  bell  system  for 
ordinary  domestic  use  may  interest  some  of  our  readers.  It 
is  shown  diagiatnmatically  in  Fig.  33.5,  where  it  will  be 
observed  that  only  one  battery  and  one  bell  are  needed  for 
the  five  switches,  which  are  supposed  to  be  in  separate 
rooms.  The  box  T  contains  the  electro-magnets  and 
indicators.      Of  these   there   are   five   sets,  one   for   each 
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circuit.  One  terminal  of  each  eleriro-niatjnet  is  connected 
to  the  common  binding-screw  K,.,  and  the  other  terminal  to 
one  only  of  the  five  screws  K, — K..  From  these  screws  the 
conductors  run  to  the  separate  pushes  in  the  various  rooms. 
On  the  other  side  of  the  pushes  tliey  all  join  on  to  a 
common  return-wire,  which  runs  back  (o  the  battery.  The 
other  pole  of  the  battery  is  joined  through  the  bell  G  to  the 
common  binding-screw  K^  of  the  indicator-box.  The  kind  of 
indicator  shown  in  this  figure  is  somewhat  different  from  that 
already  described  (page  638),  but  the  differences  are  only 
mechanical,  the  electrical  principle  being  the  same.  In  this 
case,  when  a  current  jjasses  through  one  of  the  electro- 
magnets, owing  to  the  circuit  being  closed  at  the  corre- 
sponding •'  push,"  a  little  white  card  falls  forward  through  a 
numbered  or  labelled  slot  in  the  front  of  the  box,  thus 
"  indicatmg"  wliich  push  has  been  used.  The  cards  have 
to  be  replaced  mechanically. 

For  purjioses  other  than  those  just  referred  to,  different 

ethods  of  closing  the  circuit  are  employed.     Thus,  for  fire 

alarms  the  rising  of  the  mercury   in  a  thermometer  tube 

may,  at  a  certain  lempcrature,  close  the  circuit  and  ring  the 

.larm  bell.  The  same  object  can  be  accomplished  by  the 
melting  of  a  piece  of  fusible  alloy  releasing  a  spring,  which 
then  flies  on  to  a  contact  point.     For  burglar  alarms  the 

ontact  is  closed  by  the  opening  of  windows  or  doors,  and  a 

witch  is  usually  arranged  so  that  all  the  circuits  may  be 
completely  broken  during  the  day-time ;  in  that  case  the 
switch  has  to  be  altered  at  night,  so  as  to  bring  the  alarms 
into  action  should  occasion  arise.     We  regret  that  want  of 

pace  precludes  us  from  describing  in  detail  some  of  the 
ious   devices    used    for   these    and    numerous    other 

urposes,  including  electric  time  keeping. 
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CHAPTER    XIV. 
THE    ELECTRIC    TRANSMISSION    OF    POWER. 

We  now  turn  to  a  wider  aspect  of  the  applications  of  the 
electric  current,  and  one  concerning  which  it  is  im(>r)SiiibIe 
to  foresee  at  the  present  time  ail  the  consequences  which 
may    attend    its    development.      In    the   three   preceding 
chapters  we  have  dealt  with  various   applications   of  the 
current   without   much   reference,    except   in   the   cas«  of 
central   stations   for  electric  lighting,  to   the  source  from 
which   the  energy   of  the  current  was  procured,     T'     '' 
chapter  we  propose  to  dwell  in  detail  iipcm  those  proj' 
of  the  current,  already  considered  generally,  which  makel 
pre-eminently  the  vehicle   for   the   transmission   of  po«i 
from   convenient  sources  to  far-distant  points.       It  is  tr 
that  the  subject  of  the  last  chajitcr  was  a  jurticular  instan 
of  such  transmission,  hut  in  those  applications  the  nmott 
of  ])ower  required  and  transmitted  is  so  small  that  ct 
sidcrations  of  the  sources  from  which  it  was  obtained 
of  the  loss  in  transnussion  are  only  of  secondary  impor 
When,  however,  we  face  the  problem  of  the  transmission  of 
power  on  a  large  scale,  wc  find  that,  although  the  laws  with 
whicli  we  have  to  deal  arc  the  same,  some  of  the  runse- 
(jucnces  of  those  laws,   which  before  might   be  neglected 
because   of  their  insignificance,    now   become  of  pn-""" 
importance,  and  profoundly  modify  our  methods  an 
paratus.     This  change  of  aspect  is  extremely  ini 
the  careful  observer,  and  the  description  of  the 
tions  it  introduces  into  the  treatment,  and  the  sol 
of  the   various    new    problem's   that  arise,  cant»fa   i 
rtill  further   imprcs.s  .and    familiarise   the   reader  wit: 
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idcrful   nature   of  Uit   laws    involved,    and    their    far- 
•teaching  influence. 

In  dealing  with  this  rather  wide  subject,   we  shall  first 

consider  the  various  systems  available  for  the  transmission, 

^and  the  apparatus,  not  already  described,  peculiar  to  these 

j'stems.     Having  already  considered  the  utilisation  of  the 

'energy  of  the  current  at  tlie  distant  end  fur  ligtuing  and 

chemicaJ  purposes,  there  still  remains  to  show  how  it  may 

tic  used  to  do  mechanical  work,  and  this,  with  a  description 
if  the  various  directions  in  which  it  has  been  so  utilised,  will 
........ 
on 
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When,  in  a  preceding  '  chapter,  we  were  following  out 
3me  of  the  consequences  of  the  'Maw  of  conduction,"  we 
referred  briefly  to  the  methods  in  which  the  various  con- 
luctor.s  along  which  the  current  was  to  pass  could  be 
ranged.  The  two  chief  methods  described  were  the 
L-ries  "  and  the  "parallel"  (Figs.  157  and  158),  and  it  was 
Dinted  out  that  combinations  of  these  were  also  available. 
Por  "  conductors  "  read  "  consumers  of  electric  energy  "  in 
iny  form,  and  we  have,  in  outline,  two  of  the  chief  systems 
Available  for  the  electric  transmission  of  power. 

A  distinction  must  here,  however,  be  drawn  between 
'long-distance  transmission  "  and  "  local  distribution  "  of  the 
iwer  at  the  place  where  it  is  to  be  utilised.  Except  in  the 
ise  of  electric  railways  and  tramways,  the  power  is,  as  a 
jle,  required  at  |)erfectly  definite  points,  and  the  details  of 
tie  methods  by  which  it  is  most  conveniently  distributed  in 
llie  immediate  neighbourhood  of  those  points  are  governed 
j>y  other  considerations  tlian  those  which  nilc  the  trans- 
mission of  the  power  from  a.  distance  up  to  these  points. 
A  little  consideration  will  make  it  obvious  that  where 
'  Part  Il.Chnp,  VI. 
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a  long  distance  intervenes  bctrtccn  tht  source  wlicre  the 
current  is  generated  and  the  nearest  point  where  the  bulk 
of  the  energy  is  re<|uirf'.d,  the  simplest  [lossible  arr.ingement 
of  lonductors  sfiould  i>e  used.  Of  all  methods,  the 
simplest  is  that  whieh  involves  only  the  use  of  two  con- 
clurtors,  if  the  earth  be  not  used  as  a  return,  to  romplete 
(he  necessary  circuit,  or,  at  the  most  three,  as  in  the  case  of 
polyphase  currents.  Notwithstanding  this,  there  still  remains 
considerable  (.hoice  as  to  the  details  of  the  transmission,  as 
we  shall  now  proceed  to  show. 

In  tile  chapter  on  '"  electrii.d  measurements,"  when 
dealing  with  the  measurement  of  power  (page  408),  we 
explained  that,  electrically,  power  is  the  product  of  two 
factors,  the  electric  ])ressure  or  voltage,  and  the  current  or 
aiTiperage.  Thus,  in  a  circuit  in  which  50  amperes  are 
flowing  under  a  pressure  of  100  volts  the  power  is  50  x  too 
=  5,000  voltanii)eres,  or  waits,  as  they  are  more  briefly 
called.  Therefore,  if  required  to  deliver  power  tip  to 
120  kilowatts  (120,000  watts,  or  160  horse-power),  at  a 
distant  point,  we  can  choose  the  particular  volt.nge  and 
amperage  which  appears  most  suitable  and  economical. 

Thus  the    120  kilowatts  may  be   given  by  any  of  the' 
following  (■onil)inations : — 

A  current  of  lo,ocx}  ainpiTcs  at  a  potential  difference  of  12  volts. 
„  1,200  „  100    „ 

,,  100  „  1,200    „ 

..  10  „  I2,0CX>     „ 

„  t  „  120,000    „ 


or  any  other  combination  of  current  and  ^wtential  difference, 
provided  always  that  the  product  of  the  number  of  amperes 
by  the  number  of  volts  is  120,000,    • 

We.  must,  therefore,  inquire  what  practical  considerations 
there  are  to  guide  us  in  so  wide  a  choice,  and  we  soon  find 
that,  apart  from  side  issues,  there  are  two  chief  jioints  to  bcj 
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kept  in  view.  These  are  ihe  cost  of  the  power  lost  in 
wastefuUy  heating  the  conductors  or  mains  on  the  one  hand, 
and  the  interest  of  the  capital  sunk  in  those  mains,  together 
with  the  cost  of  maintenance,  on  the  other.  Let  us  explain 
more  fully.  We  already  know  that  when  a  current  passes 
along  a  conductor  it  heats  it,  and  in  the  case  with  which  we 
are  dealing  this  heat  is  lost  ;  but  the  heat  so  lost  is  energy 
which  has  lieen  procured  at  some  cost.  In  the  first  place, 
then,  we  should  try  to  diminish  this  waste  heat. 

If  we  suppose  the  current  in  the  conductors  to  be  A 
mp&res,   R  to  be  the  resistance  of  the  mains,    E   the 
"potential  difference  at  the  generating  end,  and  e  that  at  the 
^delivery  end,  then  the  heal,  H,  measured  in  catorks,  which 
wasted  in  t  seconds  in  the  mains,  is  given  by  the  equation 
ige  314)— 

H  =  o'24  A  R  t     .  ( I ). 

Where  A  =  ^^®  (2). 


To  reduce  the  amount  of  heat  wa.sted  in  a  given  time 
wc  must,  therefore,  diminish  either  R  or  A,  or  both.  R 
depends  upon  the  material  of  which  the  conductor  is  made, 
its  laij^ih  and  its  cross-sedional  area.     As  silver,  the  best 

onductor,  is  obviously  too  costly,  the  material  usually 
employed  is  copper,  which  is  nearly  as  good  electrically. 
The  length  of  the  mains  is  fixed  by  the  distance  of  trans- 
mission and  the  route  available.  We  can,  therefore,  only 
still  further  reduce  the  waste  by  increasing  the  cross-sectional 
area  or  si/c  and  weight  of  the  mains.  Hut  copper,  though 
much   che;iper  than   silver,  is   not    inexpensive,  and   thus 

uestions  of  finance  very  soon  .step  in  to  complicate  this 
lution  of  the  difficulty.  Moreover,  the  cost  of  manufac- 
ling,  insulating,  and  laying  heavy  conductors  has  to  be 

onsideted.     Although,  therefore,  increasing   the  size  and 

eight  of  the  mains  is  a  theoretical  solution  of  the  difficulty, 
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such  increase  rannoi  be  exlended  iiHlefiiiitc-ly,  for  it  sooii^ 
reaches  ihe  limits  allowable  in  practice. 

Since  these  considerations  of  cost  fix  a  limit  to  the  1 
reduction  of  R,  we  must  turn  to  tlie  other  fiictor,  A  (the 
current),  and  eximine  the  advantages  and  disadvantages  of 
reducing  it.  It  is  at  once  apparent  that  any  diminution  of 
A  is  much  more  effective  in  reducing  tlie  waste  of  energy 
than  a  corresponding  diiiiinution  of  R,  because  the  waste 
varies  as  the  .u/tian-  of  A,  and  is  only  directly  proportional 
to  R.  Thus,  a  dimiiiuliun  of  the  current  to  Jrd  of  its 
previous  amount  will  reduce  the  waste  energy  to  Jlh,  if 
other  conditions  remain  unchanged.  To  make  this  still 
clearer,  we  may  take  the  example  already  given  of  ihcj 
various  currents  that  might  be  used  to  transmit  a  power  ofi 
120  kilowatts  to  a  distance.  We  arrange  the  figures  in 
table  :— 

Table  IX. — TuA.vsMissiorj  ok  120  Kiiowatts  with  Various 

CURREN  IS. 


Ampirace 

(jCuri^Ht  in  j4  m//rei). 


Relative  Values  of 
Waste  Heat 


Voltage 

(PrtisHtt  IH  t'pttO. 


IO,fXXI 

100,000,000 

12 

1,200 

1 ,440,000 

100 

icx) 

10,000 

1,200 

_          10 

100 

12, GOO 

■ 

I 

120,000 

,\  glance  at  llie  second  column  of  this  table  will  show 
how  enonnoiisly  the  waste  heat  diminishes  as  the  current  is 
reduced,  the  waste  heat  in  the  first  case  cited  being  100 
million  limes  that  in  the  last.  In  actual  practice  the 
difference  would  not  be  quite  so  enormous,  though  it 
would  still  be  very  great,  for  no  one  would  use  the  same 
conductors  for  a  current  of  10,000  amiwres  as  for  a  current 
of  one  ainpfere.      Smaller   conductors  would    certainly  be 
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in  the  Uuier  case,  and  these,  by  their  higher  resistance, 

ould  somewhat  increase  the  waste  heat.     In  fact,  one  of 

e  objects  of  using  the  small  current  is  to  enable  us  to 

ve   heavy  expense  in    the   conductors,    and  therefore  to 

ploy  conductors  of  higher  resistan<  e.     With    the    large 

igurcs  disclosed  by  the  table  it  is  quite  obvious  that  this 

'bject  can  be  easily  attained. 

Since  the  diminution  of  the  current  has,  then,  such  a 
;reat  effect  u|X)n  the  energy  wasted  in  the  conductors,  what 
IS  to  prevent  us  reducing  it  still  further,  and  far  beyond  the 
limits  given  in  the  table?  The  third  rolumn  supplies  an 
answer  to  this  ([uestion.  With  the  fall  of  the  current  there 
^^  roust  Ije  a  corresponding  rise  in  the  volinge.  This  rise,  if 
^■carried  to  extremes,  introduces  new  ditiirulties.  Electrically 
^Hthe  chief  difficulty  is  that  of  adequate  insii/ulion.  It  is 
^■obviously  one  of  the  conditions  that  the  whole  of  the 
^Hfurrent  that  is  sent  out  from  the  generating  end  of  the  line 
^"should  reach  the  distant  end  where  it  is  to  be  utilised. 
.Any  ]iortion  of  the  current  which,  owing  to  Itakuj^e,  finds  its 
way  back  to  the  generating  source  from  any  nearer  point  or 
points,  represents  so  much  energy  wasted,  just  as  the  heat 
generated  in  the  conductors  represents  waited  energy. 
Now  the  difficulty  of  efficiently  insulating  the  condui  tors 
increases  very  rapidly  with  a  rise  of  voltage,  and  at  very 
high  voltages  it  is  doubtful  whether  any  suitable  material 
exists  which  will  stand  the  enormous  stresses  and  strains  to 
which  it  must  be  subjected.  At  any  rate,  the  cost  of  efficient 
insulation  for  high  voltages  is  a  fiictor  whose  impoitance 
increases  much  more  rapidly  than  the  volt:ige  when  wc  have 
jiasscd  a  certain  point.  Practice  has  by  no  means  said  its 
last  word  .is  to  where  this  |K)ini  is,  but  up  lo  the  present  a 
pressure  of  jo,oco  volts '  is  the  greatest  that  lias  been 
employed  for  actual  heav7  work.  Moreover,  it  must  be 
'  III  ihc  Lauffm-Frank/mt  Trammutiim  nl  Ihc  Fruikrort  Exhil>tlion 
1891. 
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remembered  ihat  the  voltages  given  in  Table  IX.  are  the 
voltages  at  the  distant  tiiJ,  and  arc  reiiresented  by  e  in 
equation  (j).  The  voltage  of  the  generating  end,  E,  is 
necessarily  still  greater,  for  there  must  be  some  volts  lost  on 
the  line.  J 

Hut  there  are  still  other  considerations  to  be  borne  ini 
mind.  Conductors  at  high  potentials  are  physiologically 
dangerous,  especially  if  the  high  potential  is  being  maintained 
by  a  machine  with  a  vast  reserve  of  energy,  such  as  a  large 
steam  engine.  Of  course,  they  are  only  physiologically 
dangerous  when,  by  any  means,  the  living  body  is  brought 
into  conducting  communicatiun  with  them,  and  then  the 
results  may  be  disastrous,  more  particularly  if  the  high 
potential  be  an  alternating  one.  T'he  eflect  in  various  aises 
we  cannot  here  discuss.  For  our  present  purpose  it  will  be 
sufficient  to  point  out  that  the  subject  is  so  important  that 
the  Board  of  Trade,  using  the  jiowers  conferred  upon  it 
by  Parliament,  has  issued  bye-laws  under  which  public 
supply  companies  are  forbidden  to  jilace  at  the  disposal 
of  the  ordinary  consumer  a  P.I),  greater  than  300  volts. 

Here,  then,  is  a  dilemma.  On  the  one  hand,  long- 
distance transmission  can  only  be  economically  accom- 
plished at  high  pressures ;  and,  on  the  other,  only  a  com- 
paratively low  pressure  is  allowed  to  be  handled  by  the 
consumer.  How  can  these  conflicting  conditions  be 
harmonised?  Fortunately,  there  have  been  developed 
pieces  of  apparatus,  both  for  continuous  and  fluctuating 
current  systems,  liy  which  the  voltage  can  be  economically 
transformtd  from  high  to  low,  or  nice  vtrsit,  at  or  near  to 
the  point  at  which  the  jjuwcr  is  required.  Such  pieces  of 
apparatus  arc  most  appropriately  known  as  transformers ; 
they  will  be  described  fully  in  the  next  section  of  this 
chapter. 

We  may  now  divide  the  various  systems  for  the  electric 
transmission  of  power,  first   of  all,   into  hm<-pr(ssiire  and 
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high-prtssurt  systems.  From  what  we  have  already  said, 
it  will  be  obvious  that  the  former  is  only  available  in  cases 
where  the  consumer  is  close  to  the  source  of  energy  utilised, 
whereas  the  latter  must  always  be  employed  where  a  con- 
siderable distance  intervenes.  Ix)wpressure  systems  em- 
ploy i-ontinuous  currents  exclusively,  and  usually  combine 
secondary  batteries  with  the  dynamos.  Migh-|iressure  systems 
may  use  either  continuous  or  lluctualing  currents,  though 
the  latter  only  are  used  where  the  highest  pressures  are 
employed.  As  we  have  seen,  suitable  transformers  are  a 
necessary  part  of  any  high-pressure  system  for  public  sujjply. 
We  may  exhibit  the  various  systems  in  a  convenient  form 
thus ;  — 


TAMLK   X. — SVSTKMS  FOK   THK    El.ECTKIC   TRASSMtSSION   OK 
POWEK. 

CA).  Low-pressure  Continuous  Cuirents, 
I.  Simple  parallel. 
3.  Three-wire  or  fire-wire. 

(BV  High-Pressure. 

I.   CoittiuHOU!  Curr<Hts, 

(i.")    Simple  or  mulliple  icriei  wjlhoallransrorinerri. 
(ii  )  Simple  series  or  network  with  transformers. 
(.0")  Secondary  b.->tlcry  Iransfortncrs. 
(i)  Motor -dynamo  l[aosr>iriiien, 
(f)  Combinations  of  (a)  and  (A). 

3.  AlUmale  CufTtnli. 

(i.)  Simple  or  multiple  series  without  lrnnsformct3. 
(Ii )  Simple   parallel  or   network    with   allcrnate- 

ciirrenl  transformers, 
(iii)  Simple  parallel  with  transformer  «ub-stations 
supplying  loW'pressiiie  network. 
3,  l^olf/tlkait  .■lllt-rnate  Ciitrents. 

(i. )  'rhre«-wire  transmission  with  transfoniiecs. 

This  list,   though  far  from  exhausting  all  the  systems 
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which  are  theoretically  possible,  includes  most  of  those 
have  hitherto  been  ailopteil  on  any  large  scale  in  practice. 
We  shall  now  briefly  explain  the  chief  details  of  these 
systems.  | 

Low-pressure   Systems.     The  peculi.irity  of  these 

systems  is  that  they  are  well  adapted  for  the  distribution  of 
electric  power  to  a  large  number  of  individual  consume 
placed  clo.se  to  one  another  in  an  area,  no  jxtrt  of  which 

at    a    great    distani 
4.A         B_ 

■    h: 


—   >J 


of 

I 


House 
Nu.l 


HouAn 

A/0.3 


h: 


Hot' 90 

No.  5 


h: 


f"*-  3M  —Two-wire  DUtrilnilor*. 


from    the    source    of 
supply. 

The  simp/t  paral- 
lel system  of  distri- 
bution has  already 
been  diagrammaticaliy 
illustrated  and  eXr^ 
plained  at  Fig.  15S 
page  288.  The  methocf 
of  connecting  various 
consumers  in  paralle^M 
to  public  supply  mains 
is  also  shown  dia- 
grammaticaliy in  Fig. 
334,  where  A  and  B 
represent  the  positive 


od 


( +  )  and  negative  (  —  )  mains  as  laid  down  in  the  street,  and 
the  houses  of  the  successive  consumers  are  each  suppli< 
with  two  wires,  one  (  +  )  joined  to  A,  and  the  other  (— ) 
B.      Inside  the   house    the   lamps  and   other   devices    for" 
utilising   the  electric  energy  are  strung   acrcss   these  two 
wires  or  wires  connected  with  them  as  shown. 

In  the   three-wire  system,   as  its   name    implies,   thre 
conducting  mains  are  used  instead  of  two.     Of  these  one 
the  positive,  and  another  the  negative,  conductor  ;  whilst  the 
third  is  at  an  intermediate  potential,  half-way  between  the. 


wo 
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first  two.     Each  consumer  is  joined  to  this  intermediate 

wire  and  one  o("  the  other  two.     The  method  of  ronneition 

is  diagrammatically  depicted  in  I'ig.  335.     Here  A  is  the 

.positive  (  +  ),  and  C  tiie  negative  (  — )  conductor,  whilst  B 

!  is  the  third  wire,  intermediate  in  potential  belwreen  A  and 

I  C.     For  insLince,  if  the  potential  difference  between  A  and 

C  is  200  volts,  that  between  A  and  B,  or  between  B  and  C, 

is  too  volts.     An  examination  of  the  diagram  will  show  that 

consumers    arc 

^A      B      C_ 


!»'  + 


'<  — 


*  + 


r  + 


I 


joined  to  A  and 
B,  or  B  and  C, 
but  that  no  con- 
sumer is  joined  to 
A  and  C. 

The  two-  and 
three-wire  connec- 
tions that  we  have 
been  describing  are 
those  of  the  con- 
sumers to  what  are 
known  as  the  dis- 
tributing mains,  or 
more  shortly  the 
disfn'fiu/ors.  These 
mains  may,  and 
usually  do,  form  a  network,  covering  the  whole  district  to 

r  which  electric  power  is  being  supplied.  They  arc  maintained 
at  a  constant  potential  difference  by  an<ither  set  of  mains, 

1  which  are  usually  referred  to  as  the /eed^rs,  and  which  bring 

[the    current    from    the   central    or  generating  station,   to 

[selected  ix)int8  on  them. 

The  connections  between  the  central  station,  the  feeders, 

land  the  distributors  are  diagrammatically  shown  in  Fig.  336. 

{Here  A  and  B  represent  the  positive  and  negative  poles,  as 
wc  may  call  them,  of  the  central  station.    From  these,  pairs 
yQ  2 
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of  conductors,  [^presented  by  thick  lines,  are  led  away 
selected  points  a,  l>,  c,  and  //,  of  the  network  of  distributors, 
which  is  re[>reseutud  by  the^wf  lines.  \Vherever  two  of  these 
fine  lines  run  parallel  and  close  together  in  the  network,  it  will 
he  found  that  one  of  them  is  in  condiiiting  communication 


Fig.  336.  —  Fcetlcrt  anil  DiAtributort. 

with   A,  and  the  other  with  B.     The  duly  of  the  centr 
station  is  to  keep  the  potential  difference  constant  at  every 
point  of  the  network,  and  the  points  </,  l>,  c,  and  d  are  to  be 
so  selected  that,  by  keeping  the  ]jressure  at  thera  constant 
the  variations  at  the  most  distant  parts  of  the  network  wi] 
be  within  certain  small  percentage  limits. 


to 
to 
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In  Fig.  336  the  distributors,  represented  by  the  fine 
lines,  are  shown  as  consisting  ol'  two  wires  only  :  but  the 
distributing  network  may  be  a  three-wire  system,  the  feeders 
in  that  case  being  connected  to  the  mains,  A  and  C,  of  Fig. 
335.  The  adwintage  of  using  the  three  wires  in  the 
distributors  is  that  the  pressure  between  the  feeders  is 
thereby  doubled,  and  for  the  same  amount  of  power  supplied 
only  half  the  current  flows  through  the  feeders.  The  con- 
sequence is  that  the  feeders  m.iy  either  be  made  of  smaller 
cross-section  and  weight,  or  if  ihey  are  kept  of  the  same 
resistance  only  one-fourth  of  the  heat-energy  is  wasted  in 
them.  The  same  remark  applies  to  the  distributors,  for  the 
outside  mains,  .\  and  C  (Fig.  335),  can  be  made  of  less 
cross  section,  having  to  carry  only  half  the  current.  This 
saving,  however,  is  partly  counterbalanced  by  the  necessity 
for  laying  the  third  wire,  R  (Fig.  335).  On  the  whole,  tlie 
three-wire  system  leads  to  a  substantial  saving,  both  in  the 
first  cost  of  the  feeders  and  distributors,  and  also  in  the 
energy  dissipated  as  heat  in  the  conductors. 

The  fii<e-wire  system  is  an  extension  of  the  three-wire 
one.  In  it  the  distributors  consist  of  a  network  of  five 
wires,  two  of  which  arc  maintained  at  a  constant  potential 
difference  by  the  feeders,  ami  the  remaining  three  are  at 
intermediate  potentials.  The  connections  of  an  actual 
system  of  this  kind,  as  used  in  Paris,  arc  shown  in  Fig.  337, 
where  O  is  the  position  of  the  central  station,  from  which 
pairs  of  feeders  are  led  to  the  points  M,  N,  P,  (^  and  R  of 
the  distributing  network.  This  network  consists  of  the  series 
of  five  parallel  lines,  forming  the  figure  A,  B,  C,  I),  E,  with 
cross  connections  H  E  and  B  D.  The  feeders  maintain  the 
outer  wires  at  a  potential  difference  of  440  volts,  and  the 
regulating  arrangements  are  such  that  the  pressure  between 
any  pair  of  contiguous  wires  is  oneH]Marter  of  this,  namely, 
1 10  volts.  The  regulating  devices  consist  of  secondary 
batteries,  shown  at  /,  and  a  special  form  of  motor-dynamo, 
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sluiwn  at  .<;.     Although  only  single  tells  are  shownf 
imisl    Ik:    understood   that   each   of  these    is    in(< 


A/; 


"g-  317      f  oiinection- of  J  Five- win  SrXMti 

represent  a  i  lo  volt  batterv  of  ?i  or  ni»rc  i  vlls.  tl»i:  mimt 
of  cells   being  autoiMalic.ii 
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motor-dynamo  al  g  will  be  explained  in  the  next  section. 
The  little  circles  on  the  side  lines  at  a,  l>,  c,  and  d  represent 
I  lo-volt  glow  lamps  on  consumers'  premises,  whilst  at  «  a 
320-volt  motor  bridges  two  sections  of  the  system,  and  at  111 
a  440-volt  motor  is  joined  to  the  extreme  conductors. 
l-;istly,  at  h  eight  an-  lamps  in  series  are  shown  ns  taking 
the  rec|uisile  lUrrent  at  440  volts  from  the  two  external 
conductors. 

The  advantage  of  the  (ive-wire  system  is  that  it  leads  to 
a  still  greater  saving  of  cojjper  as  r<jmi)arcd  with  the  three- 
wire  system,  whilst  its  great  disadvantage  is  the  ('ifticulty  of 
elficicntly  regulating  the  potential  of  the  three  intermediate 
wines.  Both  the  three-  and  five-wire  systems  are,  as  com- 
pared with  the  simple-parallel  syslcin,  steps  in  the  direction 
of  high  pressure  distribution,  and,  for  the  reasons  already 
given,  render  possible  the  economical  transini.ssion  of  the 
electric  power  to  still  greater  distances  from  the  central 
station. 

Hig^h-pressure  Systems.  In  Table  X.  the  first  two 
main  divisions  of  these  systems  distinguish  between  con- 
tinuous and  filtcrnatc  currents  ;  but  the  first  subdivision  in 
each  of  these  is  the  same,  namely — "simple,  or  multiple 
series,  without  transformers."  We  may  therefore  take  these 
together. 

■|"he  iimpUsrnci  system  of  arranging  conductors,  which 
has  been  already  ex|>lained  at  page  287,  is  confined  almost 
exclusively  to  the  arc-lighting  of  streets  and  large  public 
l)laces,  such  as  railw.iy  stations,  markets,  etc.  The  lamps, 
which  utilise  the  iK»wer,  are  strung  one  after  the  other  on 
the  mains,  and  have  automalii  devices  for  shunting  the 
cuircnt  j)a.st,  if  by  any  accident  the  lamp  leases  to  burn. 

'n»e  mHltiplt-seriei  system  is  suitable,  and  is  used  chiefly 
for  running  groups  of  glow  lamps  in  series  with  arc  lamps, 
nn<l  IS,  therefore,  useful  for  lighting  stieet-s,  railway  stations, 
large  shops  and  public  enclosures.      I'here  arc  many  |>ossible 
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arrangements.  For  instance,  a  current  maintained  always 
constant  at,  say,  lo  amperes  can  be  supplied  lo  a  long  circuit 
in  which  a  number  of  arc  lamps  arc  inserted  in  series.  But 
if  glow  lamps  are  reciuired  at  any  point,  eight  of  these, 
connected  in  parallel,  can  l>s  inserted  to  replace  a  single  arc 
and  distributed  as  required.  Should  one  of  the  glow  lamps 
in  any  group  of  eight  break,  the  remaining  seven  would 
have  to  take  the  whole  current,  which  would  probably 
soon  destroy  them.  To  prevent  this  an  equivalent  wire 
resistance  is  put  at  the  lop  of  each  lamp,  which  is  auto- 
matically switched  into  circuit  if  the  lam|)  breaks,  and  thus 
lakes  the  current  until  such  time  as  Ihe  lamp  is  replaced. 
Other  devices,  which  we  need  not  here  describe,  are  also 
used  for  the  same  purjwse. 

Conliniioiis-currcnt  syslems.--Va&iAn^  now  to  the  purely 
continuous-current  .systems,  the  second  subdivision  of  Table 
X.  specifies  a  "simple  series  or  network  with  trans- 
formers." The  transformers  proper  to  a  continuous-current 
system  arc  further  referred  lo  as  either  "  secondary  batteries  " 
or  "  motor  dynamos."  The  first  of  these  has  already  been 
fully  described  at  pages  77  to  86,  and  the  motor-dynamos 
will  be  described  in  the  next  section  of  this  chapter.  We 
are  here  concerned  r.ither  with  the  methods  of  using  these. 
The  general  way  of  carrying  oui  the  principles  involved  will 
be  best  understood  from  the  description  of  a  particular 
application.  Fur  this  purpose  we  select  the  system  used 
by  the  Chelsea  Electricity  Supply  Company,  which  is  shown 
diagrammatically  in  F'ig.  338.  In  this  diagram,  the  three 
dynamos,  I)  I)  I),  connected  in  series,  sup[)ly  ciirrent  to 
the  mains,  m  in,  at  a  pressure  of  500  volts.  These  three 
dynamos  may,  of  course,  be  rejilaced  by  a  single  dynamo 
generating  a  current  at  this  pressure,  but  when  not  used  for 
the  purpose  here  described,  these  particular  dynamos  can 
be  employed,  in  parallel,  to  feed  an  ordinary  low-pressure 
network  of  distributors.      The  battery  and  motor  dynamo 
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room   may  be  at  some  distance  from  the  central  station, 
and  is  in   the  tentre  of  the  district  to  be  supplied.     The 


se<~ond;iry  battery  consists  of  two  halves,   A  and   B,  each 
l^ubiiivided  into  four  sections  consisting  of  54  cells  each ; 
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of  tliese  sections,  only  six,  three  for  each  half,  .ire  sho' 
the  figure.  The  general  idea  is  to  charge  only  one-ha 
the  battery  at  once,  and  to  altvays  have  at  least  oni 
discharging  into  the  distributing  network,  I.  L  1^  i 
n)ight  be  either  a  iwo-wire  or  three-wire  network,  but  ii 
case  is  a  two-wire  one.  In  the  figure,  the  half-tMttery 
shown  with  its  various  sections  joined  u|)  in  series 
connected  to  the  charging  mains,  m  m.  The  other  ha 
has  its  sections  arranged  in  i)arallel  and  connected  V 
distributors,  L  I.  L.  When  A  is  fully  charged,  it  is  I 
automatically  disconnected  from  the  charging  luaini 
various  sections  put  in  |)arallel,  and  then  connected  t 
distributmg  network. 

When  either  section,  A  or  6,  is  dischargetl,  it  b 
matically  taken  oft  the  distributors,  joined  up  in  serieSj 
jilaced  on  the  charging  mains,  m  m.     The  cells,  C  C  < 
the  discharging  half,  II,  are  reversed  rcUs,  by  the  autoc 
cutting  out  of  which   the   F.I),  of  the  whole  section 
ccrncd  is  kept  at  too  volts. 

As  soon  as  both  sections  arc  fully  <  hatgcd  and  pl( 
on  the  distributors,  the  engines  can  be  stopjied  and  the 
left  to  do  their  work.  But  during  the  hours  of  hi 
demand  the  load  on  the  lells  exceeds  their  capacity  : 
this  time  arrives,  the  dynamos  are  again  started,  and 
mains,  ///  m,  connected  to  the  primary  circuits  of  the 
dynamos,  K  E  E,  from  whose  secondary  circuits,  a.s  wi 
presently  described,  currents  at  a  pressure  of  loo  voIt4 
fed  into  the  distributors  to  hi'l|)  the  battery.  The  coin 
system  is,  therefore,  .in  f\iimiil<'  nf  <iilisi-ii! 
■lalile  .\. 

The  whole  of  the  ra'.hcr  lonipln 
to  above   are   made  by  a  scries  of  i 
matically  actuated  by  some  •. 
devised  by  Mr.  F.  Kinu'     •' 
loo  technical  in  its  nnim 
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A/tenintf-airnnt  systems. — In  by  far  the  most  ini[)ortant 
high-pressure  transmissions  of  jiowcr  alternate  currents  are 
used.  In  fact,  it  is  tlieir  adaptability  to  this  work  that  has 
led  to  the  very  rapid  development  of  their  application  in 
practice,  for  with  them  very  nnirh  higher  pressures  can  be 
used  than  have  yet  been  found  possible  with  continuous 
currents,  and  thus  the  economy  due  to  high  pressures 
ibeeomcs  more  pronounced.  This  is  more  especially  the 
case  where  the  source  of  energy  is  at  a  great  distance  from 
the  place  where  it  is  desirable  to  utilise  it. 

^Ve  have  already  sufficiently  described  the  first  method 

f  .\ I ternate- Current  high-pressure  transmission,  referred  to 
in  Table  X.  With  regard  to  the  second  n)ethod,  which 
'contains  the  most  widely-used  systems,  the  diagram  already 
■given  in  Fig.  336,  of  feeders  and  distributors,  suHiciently  well 

epicts  the  general  arrangement  of  the  high-pressure  part 
'of  the  system.     The  only  difTerencc  is  that  neither  A  nor 
can  now  be  called  the  positive  or  negative  terminal  of  the 

itation,  since  each  is  alternately  positive  and  negative. 
Another  diffcrcnre  in  practice  will  be  that  the  method  of 
laying  and  insulating  the  distributing  mains  and  feeders  will 

le  altogether  changed.  I.asl,  but  not  least,  the  consumers, 
instead  of  being  directly  connected  to  the  distributors,  are 
[connected  to  them  through  induction  coils  or  alternate- 
current  transformers.  The  primary  terminals  of  the  induc- 
tion coils  are  permanently  joined  tu  the  mains,  and  covered 

p  so  as  to  l)e  inaccessible  to  the  consumer,  who  is,  instead, 
supplied  with  two  wires  coming  from  the  secondary  ter- 
minals of  the   coil.      As  the  electric  pressure  on  these  wires 

Idont  exceeds  100  volts,  and  sometimes  is  only  50,  ihcy 
n  be  handled  with  comparative  safety. 

It  will  lie  noticed  that  whether  the  consumer  is  using 
ergy   or    not,   the  primary  ctr<:uit   of  his  transformer    is 

ways   connected    up   to  the  mains,  and,  therefore,  some 
rrent  must  always  be  jwiiJiing  through  it.     This  leads  to 
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a  waste  of  energy  which  may  become  serious  when  continued 
throughout  the  tweiity-four  hours  and  all  the  year  round. 
To  meet  this  difficulty,  the  next  system  tabulated  has  been 
devised,  and  is  becoming  widely  used. 

In  the  last  alternate-current  method  referred  to  in  the 
tabic-,  the  transformers,  instead  of  being  placed  on  the 
consumer's  premises,  are  placed  in  a  sub-station  in  the 
centre  of  a  small  district,  throughout  whi<  h  low-pressure 
distributors  are  laid. 

In  this  sub-station  the  transformers  are  "  hanked,''  as  it 
is  called — that  is,  there  art  several  transformers  with  their 
primaries  and  secondaries  in  parallel.  As  the  load  on  the 
secondaries  increases,  more  transformers  are  switched  into 
circuit,  and  the  idea  is  to  work  every  one  in  circuit  as 
nearly  as  possible  at  full  load,  that  is,  under  the  conditions 
of  greatest  efficiency.  The  rugulation  of  these  "  banked  " 
transformers  at  first  proved  somewhat  troublesome,  but  the 
dirticulties  are  now  being  overcome. 

.\  unique  method  is  used  by  the  London  Electricity 
Supply  Corporation.  At  the  large  station  at  l>e))tford  an 
alternate  current  is  delivered  lo  the  transmitting  mains  at 
a  pressure  of  10,000  volls.  'I'his  high-pressure  ciuTcnt  is 
taken  lo  various  sub-stations  at  Charing  Cross  and  other 
convenient  places  in  London,  where  it  is  transformed  down 
to  larger  currents  at  a  pressure  of  2,400  volts.  These 
currents  are  fed  into  high-pressure  mains  in  the  immediate 
neighbourhood  of  the  sub-.station.  The  consumers  are 
connected  to  these  mains  in  the  way  already  described, 
through  traiisfnrmers,  which  still  further  reduce  the  (iressure 
to  100  volts.  In  this  way,  some  of  the  energy  is  finally 
used  at  a  distance  of  9^  miles  from  the  engines  and 
dynamos  at  iKpiford. 

Polyphase  Transmission. —  The  remarks  we  have 
already  made  (see  pages  458  to  462)  on  polyphase  alternate- 
currents  leave  us  little  lo  say  on  this  subject,  for  we  propose 
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'to  deal  witU   the  motors  separately.     In  the  Frankfort  ex- 
periments  the    Iransmittinn    wires    were    ordinarj-    copper 
Uelegraph  wires,  0-158  inch  in  diameter,  carried  in  the  usual 
'Way  on  poles  with  oil  insulators.     There  were,  since  three- 
phase  currents  were  used,  three  wires  instead  of  two,  and 
with    these   thin    wires  as   much   as   81    horse-power    was 

*  transmitted    a   distance   of  110  miles,    the    pressures   used 
being  sometimes  as  high  as  30,000  volts. 


^a 


Main.s  and  Conductors. 

In  the  foregoing  we  have  simply  explained,  with  the  aid 
_of  diagrammatic  figures  only,  some  of  the  chief  systems  at 
present  in  use  for  the  electric  transmission  of  power.  We 
''have  purposely  abstained  from  formulating  or  discussing 
I  any  rules  for  cakulalirig  the  proper  size  of  conductor  to  be 
^ft.iised  in  any  given  ciise,  or  from  referring  to  the  many  details 
^■connected  with  the  laying  and  insulating  of  the  conductors. 
^H  The  various  systems  that  have  been  invented  for  the 
^^latter  purjJose  are  very  numerous,  and  an  attempt  even 
_  lo  classify  them  would  be  wearisome  to  our  readers.  .Still, 
ame  brief  reference  may  be  interesting,  and  we  therefore 
select  for  description  two  a.s  far  apart  as  possible,  one  for 
low-  and  the  other  for  high-pressure  mains. 

It  should  perhaps  be  premised  that,  exce|)t  in  one  or 

two  cases  where  very  high  pressures  are  used,  the  electric 

transmission  of  any  considerable  amount  of  power  re<juiressucti 

tieavy  conductors  that  it  is  almost  impossible  to  mechanically 

carry  them  on  poles  like  telegraph  wires.     Also,  since  such 

poles  and  conductors  in  the  main  streets  of  a  town  are  very 

'unsightly,  they  fretjuently  are  tal)ooed,  even  where  they  are 

possible    from   an   engineering    point    of  view.      The    two 

systems  described  are,  therefore,  both  underground  systems. 

As  a  good  example  of  a  system  of  low-pressure  mains 

a  three-wire   distribution,  we   select  that  used  by  the 

St.  James's  and  Pall  Mall  Electric  Light  Company.     Here 
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tlie  mains  are  laid  in  inm  culverts  of  tla-  shape  shown  in 
^igs.  339  and  340.  The  culvert  is  made  in  lengths  of  three 
feet  six  inches,  and  consists  of  two  parts,  the  lower  one 
lieing  a  kind  of  trough,  and  the  upper  one  a  lid  or  cover. 
The  former  is   ten   imhcs  wide  and  six  inches  deep.     At 

intervals,  gla/.ed  earth- 
enware insulators,  to 
support  the  conductors, 
are  laid  in  the  trough, 
and  on  these  the  three 
sets  of  conductors  rest 
without  any  insulating 
covering.  'I'he  conduc- 
tors consist  of  thin 
copper  strips  set  on 
edge,  each  strip  being  2  inches  wide  and  o'  1  inch  thiik.  A 
sufficient  number  of  strips  are  used  to  carry  the  current 
to  be  transmitted,  and  it  will  be  noticed  that  the  central 
conductor  contains  fewer  strips  than  the  outer  ones. 

As  the  conductors  arc  bare,  it  is  very  essential  that  the 


Fig.  339.  — Iron  Culvert  for  Hare  Copper  Main&. 


P'?.  340,— Section  of  Iron  Calvert. 


culvert  should  be  kept  ({uitc  free  from  moisture,  To 
ensure  this,  the  cover  is  firmly  bolted  on  to  the  lower 
trough,  and  all  joints  made  water-tight.  Moreover, 
junction-boxes,  or  manholes,  which  are  also  required 
for  testing  and  other  purposes,  are  placed  at  intervals,  and 
the  culverts  are  sloped  towards  them,  so  that  any  water 
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thai  might  collert,  dr;iins  into  the  nearest  jurii  tion  box. 
These  boxes  are  built  of  brick  ami  lined  witli  cement,  and 
the  culvert  projeds  into  ihem  at  some  little  distance  from 
the  bottom.  They  arc  u>i»ally  rnnneited  to  the  nearest 
dr.iin.  Ordinary'  copper  1  able,  insulated  with  vulcanised 
rubber,  is  used  to  ronnect  the  ronsunicrs  on  either  side 
to  the  mains.  It  is  laid  in  gas-piping  to  prolei  t  it  from 
mechanical  injury. 

The  other  example  of  underground  main  is  that  used  by 


y*i'  H*-    Srciiod  (.r  KvTranii  Trunk  Maid  (full  si/e). 


|thc  London  Electric  Supply  Corporation  for  the  high- 
jressure  (10,000  volts)  alternate  current  from  the  Dei)tford 
station.  .\  full  size  cross-section  of  this  cable,  as  designed 
jy  Mr.  I-erranti,  is  rci)rcscnted  in  Fig.  341.  The  two 
conductors  are  concentric  cylinders,  one  inside  the  other. 

"^'hc  inner  conductor  is  a  hollow  cylinder  {  inc!>  thick,  and 
with  an  outer  diameter  of  {J  inch.  This  is  overwound  with 
layer  after  layer  of  brown  paper  soaked  in  black  mineral 
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wax  or  o/okerit,  which  when  carefully  [trciiared  is  I'uund  to 
have  high  insulating  properties.  The  right  thickness  of  in- 
sulating material  having  hccn  wound  on,  the  outer  cylindric 
conductor  is  slipped  over  it  and  the  whole  drawn  through  a 
taper  die,  which  tontpresses  the  uonduitor  firmly  and  tightly 
on  the  brown  paper.  When  finislied,  this  outer  conductor 
is  n'j  inch  thick,  and  has  an  outer  diameter  of  i  J- J  inch. 
Another  ^  inch  of  wa\cd  paper  is  wound  on  outside  the 
copper  tube,  and  thi-n  a  thin  wroughtiron  tube  is  slip|)ed 
over  this,  and  the  interspace  filled  with  melted  wax. 

The  compound  conductor  is  made  in  lengths  of  20  feet, 


l^V*  34>« — TcM  Box  OQ  Fcminli  Main. 


which  are  afterwartls  carefully  joined  and  laid  on  wooden 
bearers  in  wooden  troughs,  which  are  then  fdled  with  pitch 
and  covered  over.  At  intervals  test  boxes  are  placed,  by 
means  of  which  convenient  lengths  of  the  main  can  be 
isolated  for  testing  purposes.  One  of  these  is  shown,  in 
section,  in  Fig.  342.  The  mains  enter  ihe  box  from  each 
side  through  stuffing  boxes,  D  D.  The  inner  conductors 
project  beyond  the  insulation,  which  in  the  figure  is  indi- 
cated by  dark  shading.  They  are  then  connected  by  crank 
pins  and  the  bolt  A.  h  much  longer  and  well-insulated 
clamp  connects  the   outer  conductors.      \Vhcn  not   being 


I 


673 

Tor  testing  piiriioses,  the  l>ox  is  rovi-rcd  ui>  with  a 
lightly-titling  cover,  and,  pumped  full  of  heavy  resin  oil, 
which  itself  is  n  good  insulator. 

Transfopmers. 

In  the  preceding  section  we  have  shown  that  the 
economical  transmission  of  |)ower  to  a  distance  hy  means 
of  the  electric  current  is  only  possible  when  comparatively 
high  pressures  are  used,  the  economical  pressures  being 
much  beyond  the  limits  which  it  is  safe  for  the  ordinary 
consumer  to  employ.  We  have  also  pointed  out  that  the 
high-pressure  transmission  is  made  available  by  the  fact 
that  there  are  methods  by  which,  at  the  distant  end  of  the 
line,  the  energy  can  be  tnim/oriiied  from  high-pressure  to 
low-[)re8sure  electric  energy,  which  latter  can  then  be 
supplied  10  the  general  public.  These  methods  involve 
the  use  of  pieces  of  app.nratiis  which  are  most  appro- 
priately termed  Transformers,  though  other  names  have 
been  proposed.  Id  this  se<.tion  we  propose  to  describe 
the  different  systems,  and  the  apparatus  appropriate  to 
each. 

Let  us  first,  however,  lor  a  moment  consider  the  general 
problem.  We  base  already  seen  '  that  the  energy  e.\|>endtd 
in  a  part  of  a  circuit  conveying  a  current  of  A  amperes,  at 
a  P.  I>.  of  V  volts,  for  t  seconds  is  cxjiressed  by  the  e(|uation 

Energy  in  joules  -  =  A  >  V  x  t, 

nnd  we  have  more  than  once  [Kiinted  out,   that,  for  the 

same  total  amouiil  of  energy,  the  values  of  A,  V,  and  t  may 

be  varied  through  wide  limits.     The  object  of  a  Irausformer 

I  is  to  change  the  values  of  these  quantities  without  changing 

.        the   total    amount   of  energy,   and    in   the    ideally   perl'ei  I 

^^  transformer   the  change  would  therefore   be  so  made  th.^t 

^1^  A  X  V  X  t  =  A  X  V  X  t', 
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where  the  symbols  on  the  right-hand  side  represent  the  i 
values  of  the  quantities  after  transformation.  It  ina 
onre  be  said  thai  no  such  perrtct  transformer  exists^ 
thai,  in  prailiie,  the  vaUie  of  the  product  on  the  right 
side  {/>.,  afltr  transformation)  is  always  less  than  tiu 
the  left-hand  side,  owing  to  the  dissipation  of  cnerg 
cfTecis  which  may,  in  a  general  way,  be  rcyardet 
frictional. 

'I'aking,  then,  the  last  eijuation  as  representing 
|terfeclion  which  it  is  the  object  of  all  to  att:iin,  we 
examine  in  detail  the  various  quantities  involved.  Dcs 
first  wiili  the  times  t  and  t',  we  may  remark  that  unl 
transformer  can  store  the  energy  (A  x  V  x.  t)  as  receiver 
it,  and  deliver  it  for  use  when  aftenvards  rct|uired, 
two  symbols  must  express  the  same  period  of  time, 
other  words,  if  there  is  no  storage  of  energy,  it  niiiil  l»c 
during  the  time  of  transformation.  The  only  pra« 
system  of  transformation  which  permits  the  storage  of^ 

energy  is  that  which  uses  Secondary  Batteries 
transformers.  In  this  system,  which,  it  is  obviouH, 
only  be  used  with  amtinuous  iiirrcnls,  the  batteries 
arranged  to  be  charged  at  a  high  voltage  at  the 
convenient  late  and  time,  and,  then,  bem^  rearranged, 
be  discharged  at  a  lower  voltage,  either  slowly,  or  at 
desired  rate  up  to  the  maximum  beyond  which  it  is 
advisable,  because  of  the  rafiid  dotcrioralion  of  the  p 
by  buckling,  etc.,  to  take  energy  from  them. 

In   the  othet  two  systems  of  transformation  that 
been  practically  worked  out,  the  energy  is  delivered  int< 
supply  mains,  and  must  he  utilised  as  it  is  transformed. 
tlicse  systems,  therefore,  t=t,  and  our  previous  cquj 
redu<:cs  to 

A  X  V  =  A'  X  V . 

These  systems,  thus,  only  |>crmit  u« 
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P.  D.  (V)  and  a  small  rurrent  (A),   to  a  luwer  I'.  D. 

T)  and  correspondingly  large  lunent  {A') ;    the  product 

jf  P.D.  by  current  in  the  second  case  being  as  nearly  as 

'■possible,  but  never  equal  to  the   )iroduct  of  V.lK  by  current 

in   the  first  i.a.se.      Of  these  systems  one  which  employs 

Motor   Dynamos   as   transformers   is  applicable   to  (pn- 

j  /j/ii/oi/s  iitrii/i/s,  whilst  the  other,  which  uses  inJiti'/io/i  coi/s, 

or  Alternate  Current  Transformers,  is,  as  the  latter 

'  name   implies,  only  ajiplicable   to  alUriiKtU  or  Jhuluating 

currents.     In   what  lollows,  it   will    he  most  convenient   to 

^hreat  continuous-  and  alternate-current  transformers  separ- 

Klely. 


CuNriNUoi's  ci'RKicNi    Transkormkrs. 
Secondary  Batteries.— In  the  first  section  of  the 
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book  (pages  66  to  S9)  we  have  described  the  jmnciplcs 
and  the  construction  of  secondary  batteries,  and  it  is  there- 
fore only  necessary  to  refer  our  renders  t(j  what  we  have 
lierc  sai«l,  and  especially  to  the  descriptions  of  "  ('entral 
Station  Cells,"  which  are  most  useful  as  transforiners, 
because  of  their  large  storage  lapaciiy. 

riic   method    of    using   secomlary    t>atteries   as    trans- 
formers has  also  lieen  described  (page  664)  in  connection 
with  "Systems  of  iJistribution.''     It  will  be  noticed  that  the 
ssential   |)oint   is  to  i/tiiri^c  several   conijiletc    batteries  in 
vrie<,  and  to  t/isi/Mrgc  them  ///  parallel.     Thus  the  high 
oilage  and  small  current  uf  the  charging  mains  is  trans- 
formed into  a  lower  voltage,  and,  if  required,  a  larger  current 
in  the  liischarging  mains.     With  secondary  batteries,  how- 
ver.  the  discharging  current  need  not  necessarily  be  greater 
;han   the  charging  current,  but  may  be  continued   for  a 
uch  longer  time.     'The  example  already  given  is  sufficient 
for  our  purpose,  and  we  therefore  pass  on  to  consider  the 
cond  method  of  continuous-current  transformation. 
Motor   Dynamos.— These  appliances  (or  the  trans- 
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foruialioii  of  llic  energy  of  iine  iiirrent  al  a  certain  voltage 
iiUu  ihc  enerjjy  of  another  al  a  liiglier  or  lower  vultaj^e  are 
\ariuii.sly  known  as  "  Moiur  I  )ynanio.s,"  "  Motor  {lenerators," 
■' Dynaniolors,"  and  "  CoiiliiuiousCurrcnt  Transfornicrs." 
Of  these  difTerent  names  we  jirefer  the  first,  though  perhaps 
the  second  is  best  from  a  strictly  scientific  ])oint  of  view. 

The  general  jjrincipic  underlying  the  action  of  the 
ni.ichinos  is  a  simple  one.  As  we  show  on  page  696, 
an  ordinary  <'ontiiuious-current  dynamo  is  a  reversible 
machine,  and  when  supplied  with  electric-current  energy, 
will  do  mechanical  work,  such  as  a  steam  or  a  gas  engine 
can  do.  When  used  in  this  way  it  is  known  as  an  Klectric 
Motor,  or,  more  briefly,  a  "  Motor."  Now,  it  is  quite 
obvious  that  amongst  the  various  kinds  of  work  such  a 
motor  cajj  do,  it  may  be  used  to  drive  a  dynamo,  and  so 
reproduce  electric  current  energy.  Hut  the  dynamo  so 
driven  may  generate  a  current  at  a  very  dilVerent  voltage  to 
that  sujiplied  to  the  motor,  and  therefore,  finally,  wc  obtain 
a  new  current  at  a  different  voltage  In  tli.il  of  the  old 
current  with  vshidi  we  started. 

The  general  law,  already  ex|)laiiitil,  .i[)plies  to  this  case 
also,  and  in  the  iiinsl  favourable  circumstances  we  might 
have 

A  X  V  =  A  X  V . 


Uut  there  is  a  double  transformatiun  invuKcd,  first  from 
electric  to  mcchaniial  energy,  ami  then  bai  k  ag.im  to 
electric  energy,  and  therefore  we  never  get  A'  x  V,  the 
watts  after  transformation,  equal  to  A  k  V,  the  watts  before 
transformation. 

•Simplifications  in  the  general  arrangement  of  the 
apjiaratus  are  obviously  possible.  Instead  of  driving  the 
dynamo  from  the  motor  by  means  of  a  belt,  the  two  shafts 
might  be  jilaced  in  line  and  coupled  together,  only  in  this 
case  they  must  both  be  designed  to  run  at  the  same  speed. 
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fonnation  of  the  energy  of  one  current  at  a  ccrtAin  volt 
into  the  cner{;y  of  anollicr  at  a  liigher  or  lower  voluige  ; 
variously  knuwii  as  "  Moioi  I  )ynaiiK)S,"  "  Mutur  (icneralix 
•' Dyiiaiuolors, "  and    "  ContimioiisCurrenl   'rraiisfuriiK-H 
Of  these  diflercnt  names  we  i>refcr  the  first,  though  |H:rl" 
the  second  is  best  from  a  strictly  scientific  point  of  view. 

The  general  |)rin<iple  underlying  the  action  of  ttj 
ni.u'hiiies  is  a  simple  one.  As  we  show  un  pugc  bi^ 
an  ordinary  continuous-current  dynamo  is  a  rcvcrsilij 
machine,  and  when  supplied  with  electric-current  cncTj^ 
will  (1u  incohanical  work,  such  as  n  stcaui  or  a  gas  cngifl 
can  do.  When  used  in  this  way  it  is  known  as  an  Wcct 
Motor,  or,  more  brielly,  a  "  Motor."  Now,  it  i*  qui! 
obvious  that  amongst  the  various  kinds  of  work  such  a 
motor  can  do,  it  may  he  used  to  drive  a  dynamo,  and  to 
reproduce  clc(  trie-current  energy.  But  the  dynamo  bo 
driven  may  generate  n  current  at  a  very  different  voli.-igc  lo 
th.tt  supplied  to  the  motor,  and  therefore,  finally,  .. 
a  new  curretil  al  a  dilTerent  voltage  lo  that  m 
current  with  which  wc  sUirted, 

The  general  law,  .ilre.idy  expl.iitieil,  applies  to  »hr 
also,  and   in  the  most  favoiiralile  circumstances  we   rui^ 
have 

A  '  V  =  A  y  V 


Itui    liieie   IS  ii   dui.iblc   iiaiiiluini.iiioii    iiivoive<l,   finjtl 
ele<l(ic   to   mechanic.il    energy,   and    then    back    a^a 
eleclrii:   energy,  and   therefore  we  mver  gel   A' x V*,  !( 
watts  after  tran-sfortuation,  e<|ual  to  Ax  V,  •(••■  ••■••'  »« 
iTansfurniattuU. 

Simplifications  in  tlv 
app.iiatus  arc  obviously  p 
dynamo  from  the  motor  by  rr  he  t 

might   be  p!.'      '        '  '        "'  '  If 

lauic  they  tin 
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Still  fiiriher,  instead  of  hvo  armalimi  on  the  same  sfiSlI 
rotating  in  (uu>  imii^iidic  fidJi,  one  of  ll>c  fields  might  Im 
lengthened,  and  both  armatures  rotate  in  different  parts  0^ 
the  same  field.  Finally,  the  two  armatures  mi^hl  also  Im 
replaced  by  one  armature  with  two  sets  of  wimlin^s  'finj 
side  by  side,  and  connec  te<l  to  two  sepjiratc  tommuLator*. 

The  last  is  the  form  now  usually  given  to  the  nui:hine 
though   some   engineers  still   advocate    keeping    the    u 
machines,  the  motor  and   the  dynamo,  (|uile  distinct,  witJi 
only  a  mechanical  C(innccti(j|i,  such  as  a  bell  or  a  rouplir 
between  them.     A  contbincd  machine,  as  made  Ity  McasnJ 
I,aurence,  Scott  i'^  Co.,  of  Norwich,  is  shown  in  Fig   J4>1 
It  ilirt'crs  in  appearance  from  a  dynamo  only  in  the  abscnn 
of  a  driving  pulley,  and  in  having  two  comniuL:ttor\  one 
each  cn<l  of  the  armature.     In  this  case  the  motor  dyiuma 
is  intended  to  transform  "down  "  from  too  volts  to  io  s\)\\\ 
and    the    ficM  m.ignets  are   excilcfl    by   a  shunt   circuit   iti| 
parallel   with   the  high-pressure  brushes  on    the   right  hand 
commutator.     The  lurrent,  then,  drawn  from  the  left  hand 
commutator,  will  bo  gre.itor  in  volume,  but  diminUhed 
pressure,  as  compared   with   the    current    supplied    to    the 
other  commutator.     As  the  shaft  of  the  machine  runs  at 
fairly  high  speed,   it  is  necessary  to   have   self-lubricating 
devices,  which  will  enable  it  lu  run  for  a  long  time  withe 
attention. 

If  a  inillcy  were   fixed  on  the  shaft  of  the  mnrhinc, 
would  Itavc  a  wider  range  of  possible  use.     For  inxtanr 
when  driven  by  sonic  mechanical  source  of  jtowcr.  ' 
used  to  ■"'vncrate  two  distinct  curients.     Or,  if  Mipi- 
r-lectri<-  ^afjw-,  it  can  be  used,  not  only  to  generate  nnothc 
current,  bui>^-o  as  a  sourre  itself  of  mechanical  power. 

Wc   shall^'*tt7)<ln(|c   by  describing   the   motut  dynamci|i 
wliiih  is  UNed  .is  a  n^gulator  on  the  l"ivewirc  nystcm,  refetrt 
to  on  page  661.     Irt  this  system  it  will  be  rcmemlKral  tli 
there  an:  four  ditfcrVnt  drniiis  from  which  1  wrrent  may 
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supplied  to  consiiimTS,  and  that  it  is  necessary  lo  have  the 
same  pressure  on  em  li  t  irniit,  however  the  demand  may 
vary  from  lime  to  time.  As  one  method  of  regulating  the 
pressure,  the  motor  dynamo  shown  in  Fig.  344  is  used.  In 
this  machine  the  armature  is  wound  with  no  less  than  four 
distinct  tiriuits,  lyint;  alongside  of  one  another,  and  run- 
neclcd  to  four  si'i»arale  commutntors,  two  at  eauh  end.  The 
circuits   are   exactly  similar,  and   similarly   placed   on    the 


S^K"  JM.—Q>iailruple  Circuit  Molor-Dynama 

armature ;  they  are  connected  respectively  to  the  four 
circuits  of  the  five-wire  system,  and  are  tliereforc  in  series 
with  one  another.  The  field-magnets,  which  in  this  case 
arc  of  the  "double-magnetic  circuit"  type,  are  excited  ljy  a 
current  maintained  by  the  full  P.  1>.  (480  volts)  of  the 
system. 

The  action  of  the  regulator  is  simple.  If  all  the 
seitions  arc  at  the  same  pressure,  a  small  turrenl  (lows 
thmugli  all  the  armature  cireuits,  and  the  armature  rotates 
at  a  moderate  .speed.     Should,  however,  the  jtressure  of  one 
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seclioij  in(  rcasc  at  the  expense  of  the  others,  the  armature 
circuit  tonnctled  with  that  section  receives  an  excess  ol 
current,  and  the  armature  rotates  more  quickly.  ITiis 
increases  the  E.M  F.'s  set  up  in  the  other  three  arnwtnrc 
circuits,  and  these  K.M.l'".'s,  having  a  diniinislied  pressure 
against  them  on  the  mains,  act  as  dynamo  E.M.  F.'s,  and 
drive  currents  into  the  mains.  Thus,  the  increased  pressure 
on  the  one  section  is  lowered  by  the  current  dr.iincd  away 
from  it  to  lite  corresjionding  arniatuie  circuit,  whilst  the 
lowered  pressure  on  the  other  sections  is  raised  hy  the 
currents  su|>|ilied  to  ihem.  To  some  extent,  therefore,  the 
machine  automatically  regulates  the  pressure. 

Al.TICRNATlMl'KKENr   Tk ANSKOKMKRS. 

The  funilamcnt.al  phenomena  underlying  the  working 
of  .nllcrnale-rurrent  transformers  have  been  .ilrcady  very 
fully  discusse<l,  at  p.nge  169,  <t  so/.,  in  connection  with  the 
subject  of  "  Magneto- Electric  Induction,"  and,  as  «•••  havc 
there  shown,  these  phenomena  form  the  st.irtiug-poLit  frvim 
which  the  nuKlern  dynamo  machine  Ims  been  developed. 
At  page  170  we  linvr  described  the  first  such  tr.in>fornier 
ever  made,  consisting  simply  of  two  spirals  wound  side  by 
.side  on  a  block  of  wood.  I'his  was  afterwards  improved 
by  ihe  construction  of  the  iron  ring,  A  B,  Fig.  8y,  with 
two  separate  coils  of  wire  on  it.  This  ring  of  !''ar.i<lay's  we 
rcjiroduce  lKrc(Kig.  345)  on  a  larger  s<ale,  as  the  forerunner 
of  a  class  of  transformers  to  which  we  shall  refer  more  fully 
later  on.  As  we  now  know,  the  starting  or  stopping  of  a 
current  in  the  coil  .\  produces  a  momentary  electric  prvssun: 
in  roil  H,  and  also,  any  change  of  current  in  A  fmMluccs 
.1  momentary  pressure  in  iJ,  which  persists  as  long  t  ""- 
change  is  t.iking  place  in  A. 

What,  then,  will  happen  if  the  coil  A  be  '  •■\ 

such  alternate  currents  as  we  have  been  dcscni  :  .,  ^.  ,j 
436   and  clitewheTC      The  distincttTc  clMracttrr  of  t 
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Ciim-nts  is  thai   llii-y  nrc  tiiniiniinlly  rhanjiing — sonn-limes 

increasing,  somelinics  decreasing,   but  never  retaining  the 
imc  value  for  any  appreciable  liine.     It  is  obvious  that  in 

'this  case  an  alternate  E.M.F.  will  he  set  up  in  the  roil  B  ; 
this  li.M.F.  will  lollow  the  same  kind  of  changes  as  the 
iflfindudion  E.M.F.  of  the  roil  A  itself,  and  may  be 
represented  by  a  curve  similar  to  et(  of  Fig.  217.     For 

Ibrevity,  the  coil  A,  through  whi<:h  currents  arc  sent  by 
snie  external  E  M.I''.,  is  now  usually  referred  to  as  the 
primary  roil,  whilst 
Boil  B,  which  is  tra- 
versed by  itiiiiKfd 
currents  only,  is  re- 
ferred to  as  I  he 
tcondary  coil. 

Almost  simulta 
leously  with  I'araday, 
XnA  i|uite  in(lepen<I' 
fntly.  Henr)-  was 
laking  in  America 
|be    e>]icrin)i-nls     on 

Ilhc  mutual  inductive 
effects  of  flat  spirals,  to 
fhirh  we  have  briefly  alluded  at  i>agc  i8i.  Faraday's  and 
Henry's  experiments  together  form  the  starting-point  of  the 
ft'ork  of  a  long  series  of  scientists  and  inventors,  who,  by 
Various  modifications  and  rearrangements  of  the  positions 

|of  the  two  coils,  and  other  subsidiary  improvements,  have 
pndeavoured  to  utilise  the  IvM.F.  set  up  in  the  secondar)' 
Coil,  B,  for  some  particular  kind  of  electrical  work.  These 
essays  reach  from  iS.^i  to  the  ))resent  day,  but  down  to 
ibout  1877  they  were  mostly  directed  to  the  setting  up  of 
very  high  E.M.I'',  in  the  secondary  coil,  available  for  the 
^imdnrtifr'  "f  '•I'-riiptive  elcctri<al  discharges  between  its 
L'nninaK  "induction    coils,"   as   they   are   usuall) 


fr'«.  J4.";.  -  I'aradjy's  First  Tran«former,  with 
Iron  Core. 
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called,  can  Ijc  used  for  many  intcreslinsf  nnd  instructive 
experiments  with  vcr>'  simple  auxili:iry  apparatus.  U'c 
shall  thercrorc  dcscril)e  one  of  the  latest  forms,  without 
taking  our  readers  through  the  long  story  of  their  gradual 
devclopmt-nl. 

Fig.  346  shows  the  cMernal  appearance  of  a  good 
modern  induction  coil  as  made  by  Mr.  Apps,  who  has  done 
much  to  improve  many  of  the  details.     The  working  of  thr 


Pig.  346.— Kattery-Current  Imlucthin  Coil. 


coil  will  perhaps,  however,  be  l)est  tmderstood  from   Fiu 
3.J7,    which    is   a   diagramm.itic   sketch   of    the  clt'  1 
connections,     Round  an  iron  <-or«',  T  T,  «)f  vari>i  ' 
iron  wires,  and  well  insulated  from  it,  is  wounil  il 
1  oil,  I'  r,  consisting  of  Iwu  or  three  layers,  each  ■ 

a  few  turns  of  Sto"'  "■•>"  ■■m.-tini^";  "f  wju.^i.    . 

so  as  to  fill  (he  '  ivcT  this  . 

»lippir|  an  etionile  t» 
sonii   distinrc  Iteyc 


TitK  Pmtikv  iNnvcrtoN  Con.. 
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oiiiside  it.  On  this  tiilw  aro  thrcailftl  a  nutnlier  of  disrs  of 
cljuiiilc,  Separated  by  narrow  rings,  which  art  as  (h'stance 
pieces.  The  secondary  coil,  S  S.  is  wound  in  sections  of  flat 
spirals,  whi(  h  fdl  tlie  spices  hclween  successive  dis<  s,  and 
arc  ultimately  connected  toj^eihcr  in  scries,  I'he  object  of 
thus  splitting  up  the  secondary  coil  into  many  sections  is 
to  ensure  that  net  two  portions  of  witr,  which  will  be  at 
very  different  potentials  when  the  <oil  is  worked,  shall  W 


\^<^^ 
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Fir.    347.— C(mncclton<.  of  a  B;.llcry  Intliirlloii  C'>il. 


I  lose  together  in  the  windings.  The  ends  of  the  secondary 
oil  are  bniught,  by  means  of  the  thin  wire  spirals,  to  the 
icTininals,  //,  which  are  sup|M>rtcd  by  glass  insulating 
jliillars.  The  terminals  carry,  by  ball  aml-sor  kct  joints,  the 
discharging  rods,  r  r,  which  are  proviiled  with  ebonite 
inndles. 

The  electrical  conntitions  of  the  primary  windings  are 

somewhat  inoie  lomplicalcd.     Since,  during  the  devclop- 

icnt  of  the  indiK  lion  coil,  alternate  i-uirents  produced  by 

Jyuutno  alternators  were  not  .available,  some  means  had  to 
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l)e  provided  on  the  coil  ilsdf  for  producing  the  ncressaij 
variations    (usually    inlerruplinns)    in    the    stearly    lurreoC 
generated    by   primary  tiatii-ries.       \'ery    numerous   inveiji 
lions    were    directed    to    tlir    improvement    of    this   pari 
of  the  coil;  but,  eventually,   the  very  simple  arriingcmend 
shown  in  the  figures  has  survived.      The  laminated   iron 
core,  TT,  is  made  to  project  some  little  dist.irne  ihrousli 
the  supports  of  the  coil.     Opposite  to  the  end  of  it  is 
piece  of  solid  iron,  H  (I'ig.  347),  carried  by  a  stout  spring 
/'  (Fig.   .^^f)),   which   can   he   so    set    up    by    the    n(ljiistin| 
screws  shown  that  when  no  current  is  passing  through  the 
circuit    P  P,   a   platinum   contact   at    II,   behind    H, 
against  another  platinum  contact  on  the  end  of  the  srrci 
d.     One  terminal,  T,,  of  the  coil  is  connected  to  ihi-  nut 
through  which  the  screw  d  posses,  and  the  other  lermiiial( 
■|'„  to  one  cn<l  of  the  primary  coil  P  P,  the  other  end 
which  is  joined  to  (he  spring  /',  which  carries  the  liamoic 
H.      If  now  the  poles  of  a  galvanic  battery  be  joim-d  to  lh< 
terminals,    T,    'l\„    the   current    must    pass    through    ih^ 
platinum  contacts  at  15.     But  as  soon  as  the  current 
the  core  TT  is  magnetised  and  attracts   11,  thus  breaking 
the  circuit   of  the  battery  at    It  ;  consei|uontly,  the  curre 
in  the  coils  I*  P  dies  away,  the  magnetism  of  T  T  di.saptitsir 
and    the   elasticity   of  the   spring   /'   brings   the    platinun 
contacts  at  15  together.      The  current,  therefore,  again  flow^ 
from  the  battery,  is  again  liroken,  again  made,  and  so  on| 
continuously. 

The  result  is  that  a  scries  of  interrupted  runt- nts,  all  itj 
one   diri'ction,  flow   through    the   coil    P  F ;    each   cur 
starts  from  /.ero,  rises  to  a  m.i.ximum,  and  then  f.lls  ofF  t^ 
zero  again.     As  the  self-induction  of  P  P  is  large,  tfc 
currents   for   re.isons    already   given   (page  417),   ilo   nn 
instantaneously   reach  their  maximum    on   iu.akin^  i-irruil 
nor  do  they  inslanttincously  fall  to  xcro  when  the  i.irenit 
bmkcn. 


The  Fvscii 
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But  whether  the  <  iirfMU  m  P  I'  rises  and  falls  quit-kly 
or  slowly,  its  elianges  will  incline  E.M.F.'s  in  each  coil  of 
S  S,  and  as  these  coils  are  very  numerous  and  in  series,  the 
cfTertive  E.M.F-'.  set  Up,  and  with  it  the  I'. I),  of  the  terminals 
S  S,  may  reach  a  very  hi{,'h  value.  So  high  may  this  P.  1>. 
rise,  that  the  insulating  air  separating  the  terminals  may 
be  disruptively  broken,  and  a  series  of  brilliant  sparks  |)ass 
between  the  knobs. 

We  have   still   to  explain   the   action    uf  the    |iiece  of 

apparatus  represented  by  C,  Cj  in  l'"ig.  347,  and  which  is 

usually  enclosed  in  the  base  of  the  coil.     This  is  known  as 

a  "  condenser,"  and  its  action  beautifully  illustrates  certain 

electrical  jjhenoinena,  which  we  have  not,  so  far,  dealt  with 

very   fully.      The   condenser   itself  consists   of   sheets   of 

tinfoil  separated  by  plates  of  some  good  insulating  material, 

I  such  as  mica  or  parartinod  paper.    These  insulating  plates 

are   represented  by   thick   lines   in    the    fiyure.     Alternate 

[sheets   of  tinfoil   are   connected   together,    so   that,    when 

[completed,  the  condenser  electrically  consists  of  two  con- 

Iductors  of  very  large  surface  (juite  close  together,  separated 

[from    one   another    by     a    good     insulating    material,    or 

\ditltflrii.      If,    now,  the^e    two  comkictois  are  brought  to 

[ditfercnt  potentials,  the  dielet  trie  between  them  will,  as  we 

have  elsewhere  explained,'  1)ccome  strained,  .ind  the  pro- 

Iduction  of  this  state  of  strain  can  only  be  brought  about  by 

ilhe   expenditure  of  energy.       In    the   induction    coil,    the 

two  conductors  are  respectively  connected  to  the  nut  h  and 

r  the  spring  h,  both  points  on  the  primary  circuit,  but  lying 

Ion  either  side  of  the  break  contacts  at  B. 

.'>;np[iose,  now,  the  i  urrent  to  be  (lowing  in  the  coils  V  P, 
I  we  know  that  a  quantity  of  energy  is  stored  as  magnetic  strain 
Icnergy  in  the  electro-magnet  T  T,  and  the  surrounding 
nnedium.  No  energy  is  stored  in  the  condenser,  since  its 
l^ltlates.  C|  and  C\.  are  practically  at    the   same  potential. 

'  Sn  page  396. 
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When,  now,  the  battery  circuit  is  broken  at  )J,  wc  have 
shown  that  the  magnetic  strain  energy  begins  to  return  lo 
the  electric  ciiruits.  <iii(J  so  rapidly  ilocs  the  I'. h.  of  the 
poinls  on  llic  two  siiks  of  the  gap  at  li  rise,  tlial  a.  brilliant 
disruptive  spark  would  usually  be  produced  there.  Hul 
the  plates  C,  and  Cj  of  the  condenser  arc  joined  to  the 
I  wo  sides  of  the  ga]!,  and  as  the  I'.  I),  rises  souie  of  the 
energy  that  would  go  to  make  the  spark  is,  as  it  wetc, 
shunted  to  the  condenser  and  stored  as  electrostatic  strain 
energy  in  the  dielei-tric.  The  IM>.  across  the  ga[i,  there- 
lore,  does  not  rise  so  high,  and  the  s|>ark,  therefore,  is 
mui  h  diminished,  or  "killed."  This  is  one  ellet  t  of  usinj; 
the  condenser:  the  sparks  at  U  arc  much  less  brilli-mt  ntiil 
the  ])latinum  contacts  are  to  some  extent  prescrvcil 

IJut  this  is  not  the  only  efTect.  The  stored  energy  ol 
ihe  electro-magnet  being  thus  provided  with  another  stofu- 
house  in  the  condenser,  leaves  the  former  much  more 
((uickly,  or,  in  other  words,  the  magnetic  lines  which 
represent  the  strain  disappear  uruch  more  rapitily  than  if 
the  condenser  were  absent.  Now,  the  inductive  effect  on 
the  s»-condary  circuit  de|iends  on  the  ritt(  uj chanj;<  iu  the 
number  of  these  lines  passing  through  that  circuit,  U'hi« 
inductive  efTect  is,  therefore,  very  much  incrcavtl  by  the 
presence  of  the  condenser,  and  a  much  longer  nnd  more 
brilliant  spark  cjn  be  obtained  between  the  knol>&,  rr. 

There  is  also  an   effect    when   the   primary  circuit   iv 
re-tnade.     Wf  have  just  left  the  condenser  with  its  pl.ites 
at  different  potentials,  or  charges.     But  these  plates  thou;.;! 
there   is   a   gap   at    li,   are  in  conducting  commuiiication 
through  the  battery  and  the  coil  I*  P.     Their  potential  diiTcr 
ence,  therefore,  cannot  persist ,  they  begin  to  • 
a  current  passes  from  C,  through  'l\  and  the  :     ^    . 
and  thence  through  the  coil  P  P  lo  C,.    This  currcat,  the 
rise  and  fall  of  which  aw  '    '  '     :"        ''  i  ' 

the  t:oil  r  1',  it  will  Im;  n. 
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I>pposi(c  way  to  that   in   which   ihe  battery  current  would 

low.     If  now  the  hammer  H  springs  hack  and  makes  the 

bonlail  at  B  hcfore  this  disihargc  current  has  died  away, 

be  battery  E.M.F.  has  first  to  neutralise  iIk-  bcllindui  live 

.M.F.,  tending  to  prolong  this  discharge  nirrent  before  it 

in  set  U[)  its  own  current  in  the  coil  I'  1*.     Tlius,  llie  rise 

llie  primary  1  iirrcnl  is  retarded,  and  the  indm  tive  effect 

"such  rise  is  diminished,     ^^'e  therefore  have  a  lop-.sided 

cl  between  the  knobs  /•/■,  the  discharge  at  the  break  of 

lie  piin)ary  being   brilliant,  whilst   that  at  make  is  either 

L'ble  or  altogether  absent. 

This  one-sidedness  of  the  di.scharge  from  the  secondary 
ermiiials  of  an  induction,  which  has  a  condenser  inserted 
In  its  [irimary  current,  must  not  be  overlooked  in  discussing 
any  results  obtained.  We  regret  very  much  that  we  have 
not  sjacc  here  to  describe  some  of  these  very  Ixautifiii 
results  with  vacuum  and  radiant-matter  tubes  ;  we  can  only 
remark  that  experiments  of  this  kind  promise  to  reveal  to 
us,  perha|)3  in  the  near  future,  sonietlnng  more  regarding 

the  entity  we  call  electricity. 
As  already  remarked,  the  chief  object  of  the  various 
itoditicatious  of  the  indu<lioii  coil  just  describcil  was  t<i 
ncrease  the  length  anil  brillianty  of  the  spark  obtained  in 
he  secondary  circuit  ;  in  uther  words,  to  produce  a  current 
fith  an  enormously  greater  voltage  than  tlie  primary 
current.  The  fundamental  law  of  transformation  holds 
tood,  and  this  mcrease  of  pressure  must  be  accompanied 
by  a  corresponding  diminution  in  the  current.  In  fact, 
yinder  the  most  favourable  circumstances,  the  best  result 
Ve  could  get  would  be  that  the  ()rodu(t  of  pressure  and 
Current  after  transformation  should  eijual  the  corres])onding 
[)roduci  he/ore  transforniation,  or 

A'xV  =AxV. 


vliere  A  and  V  represent  current  and  pressure  in  the  pninar) . 
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lint,    turning    fioni    the    highly    spciialihcd    coil,    til 
outcome  of  fifty  years  of  modification  and    imiirovemcr 
that    is   used   with  batteries  as  rurrent  generators  for  iti 
iwrticular  |>uriKJse  indicated,  to  Ihe  coils  which  satisfy  th 
re(iuircmenis  of  electric  transmission  Iiy  allern;ite  current 
we  find  a  great  simplification,      i'lte  latter  coils,  or  '"  trana 
formers,"  as  they  are  now  called,  consist  essentially  of  thr 
parts — namely,    two     electric    circuits,   a    primary   and 
secondary,  and  a  magnetic  circuit.     The  former  consist, 
course,    of  insulated  copper  coils,  and  the  latter,   in   pa 
at   least,     of    well-laminated     iron.        Contact     breakc 
commutators,   condensers,    etc.,    are    no    longer   a  ncce 
sary    part    of  the    transformer,     which     is     really    one 
the   simplest    pieces   of  electrical    app.iratus    in    ptactie 
use. 

In  most  translormers  one  of  the  copper  I'oils,  or  sct-t 
copper  coils,  usually  consists  of  many  turns  of  fine   wir 
and  the  other  of  a   few   turns  of  comparatively  thick  wir^ 
Since  there  is  no  cont.act  breaker  or  subsidiary  appatatu 
either  of  these  <'oils  <'an  lie  used  as  the  primary  to  the  othd 
as  secondary,      ll  the  thick    wite  coil  be   useil  as  primar 
as  in  the  old  induction  roil,   you  obtain  in  tlie  ^e«  ondj 
a  higher  pressure  but  a  less  cunent.     This  is  now  calle 
traiisfonning  "up."     Hut  if  the  fine   wire  roil  be  used 
primary,  the  pressure  in  the  secontlary  is  lowered  as  ion 
pared    with    that   in   the    (trimaty,    whilst   the   (urrent 
increased.     The  ratio  of  the  effective  pressures  in  the  l» 
coils  is  nearly  that  of  the  ratio  of  the  number  of  turns 
each,  the  coil  with  ihe  greater  numlwr  of  turns  having  til 
greater  pressure,  and  fvVr  versa. 

Turning  now  to  the  magnetic  circuit,  it  ia  usual  to  i 
modern   altem.itc-current    transformers    < 
circuit  is  closed  or  o|ien,  that  is,  as  to  wK 
lines  run  entirely  through    iron,  except   where  they  cro 
joints,  of  partly  tluough  iron  and  jiarily  thruUgii  air. 
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other  non-m.ignetii    materials.     We  shall  describe  one  or 
two  exain(iks  o(  vim  h  ilass. 

Closed  Circuit  Transformera— In  these  the  magnetic 
lines  sol  ii|i  liy  the  <  iirrcnls  in  ihc  primary  coil  have  pro- 
vided for  them  a  complete  circuit  of  yuod  magnetic  material, 
and  ample  cross-section.  A  ring-shaped  copper  coil,  entirely 
overwound  with  iron  wire,  or  an  iron  ring,  entirely  over- 
wound with  the  magnetising  copper  coils,  may  each  be 
taken  as  representing  a  mcthofi  of  fulfilling  the  condiiious. 

Faraday's  early  transformer  (Fig.  345)  was,  in  fact,  of 
the  latter  class,  though,  as  the  magnetising  primary  coil,  A, 
did  not  cover  the  whole  of  the  ring,  there  would  be  some 
leakage  of  magnetic  lines  through  the  air.  It  is  now  one  of 
the  objects  of  the  design  of  this  class  of  transformer  to 
ensure  that  a//  the  lines  set  up  by  the  ])riniary  shall,  if 
possible,  pass  through  the  secondary. 

Hut  ibough  ringsha()ed  transformers  are  excellent  from 
a  theoretical  point  of  view,  they  arc  not  easily  made  on  a 
large  scale,  and  the  effects  can  be  obtained  more  readily  in 
other  ways.  The  essential  details  of  a  modern  closedcirruit 
transformer  will  be  undcrstooil  by  reference  to  Fig.  34.S, 
which  shows  the  m.ignetirand  elcclrii'  circuits  of  the  l.owrie- 
Hnll  transformer  used  by  the  House-to- House  F.leclrii  Light 
Company  of  London.  .\  number  of  .soft  iron  ]ilates,  I  I, 
of  a  convenient  si/,e,  arc  built  up  into  a  bundle,  wlih  thin  in- 
sulating jia]>er  between  the  successive  plates,  to  slop  the  cross 
flow  of  eddy  or  Foucatdt  currents.  When  the  thickness  re- 
quired to  carry  the  maximum  number  of  magnetic  lines  has 
l)ecn  obtained,  two  cop[)ercf)iI.s,  which  have  been  separately 
wound  on  forrncrs,  are  slipped  over  the  bundle.  One  of  these 
coils,  T,  consists  of  many  turns  of  fine  wire,  and  the  other,  F, 
of  fewer  turns  of  thick  wire,  the  ratio  of  the  turns  on  the  two 
coils  being  determined  by  the  change  of  pressure  the  trans- 
fontier  is  rc(|uire<I  to  make.  Two  such  bundles  and  coils 
arc  then  placed'side  by  side,  and  the  ends  of  the  (ilates  bent 
ss 
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over  and  interlaced,  as  shown   in   I'ig.    .•{48.     Tlic  whol( 
is  fixed  in  a  strong  iron  frame,  and  clanif>ed  tii-lttly  up] 
the  corresixjnding  eoils  on   the   two  sides  are  connect* 
in   series,   and    the  ends  broiigiit   to   terminals   in   a   Ix 
at    the   side    of  the    fr.iine.     'I'his    liox    also   contains  iIh 
fuses,   which  are  placed  on  both  i  In  nils  to  proie<  t  then 


X 


^ 

>. 
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from  a  dnngcrous  excess  of  current.  These  transfo 
arc  made  of  various  si/.es,  eapalde  of  transformin;4 
J  to  ,}o  horsc-iKJwer,  and  of  f  hanging  the  presaiire  froi| 
2,000  to  50  or  100  volts.  Kach  horM--)K)wer  tran.Nf'trutr 
may  lie  regarded  as  l>cing  able  lo  liL^ht  tip  1 1  or  i? 
Iaui|)s  of  16  candle  power  each. 

In  Fig.  349  is  shown  a  much  I.U)ji.-i  ilim  r 
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former,  capable  of  dealing  with   ijo  horse-power;  it  is  of 
ihe  pattern  designed   l)y  Mr.    Fcrratiti  for  use  in  the  sub- 


Kig.  J49.— I'crratili  150  llon«-Power  Transformer. 

nations  of  the  i/^ndon  Rle<:lrie  Supply  Corporation,  in  the 
manner  already  descrilied  (pa^c  668).  The  iron  circuit  is 
liiore  latninaled  than  that  of  the  Lowrie-Hall  transformer, 
ss  3 
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bundles  of  hoop-iron  laid  side  by  side  being  used  instead  1 
iron  plates.  Each  piece  of  hoo|i-iriin  forms  a  cnmplcti 
cirrtiit  for  the  magnetic  lines  of  force,  for  its  ends  overlap 
and  are  clainpciJ  together  lightly  at  O,  where  the  only  nofl 
magnetic  joint  in  the  circuit  <H:ciirs.  'I'he  cumplcic  tran? 
former  has  a  doiihle  magnetic  cirruit,  insiea<l  I'f  ^  slnL'te' 
one,  as  in  the  previous  exami)le. 

The  high-pressure  coils,  H  H,  lie  between  iw<i  seis,  1.  K 
of    low-pressure  coils.       Kach  set  i:on 
sists   of  flat   sections  built  up  of  co|>|ier 
strip.s,  <:arefully  insulated  with  vulcanic 
fibre  and  shellac  cloth  ;  each  section 
separated  from  its  neighbouring  section 
by  layers  of  insulating  materml,  and  the 
various  sections  of  each  set  arc  joinc 
in  scries.      The   low-pressure  coils    an 
fiirliier  insulated  from  the  higli-pressurd 
coils   by  layers  of   ebonite  and   by  ail] 
s]>accs.    When   in  use  the  whole  tnxM 
former  is  immersed  in  an  insulating  oil] 
if,  therefore,  the  msulatirm  between   th^ 
iiigh-  and  low-pressure  coils,  <ir  the  high 
pressure  coils  and  the  frame,  should  iiio 
mentarily  break  down,  this  oil   will  floll 
liack    again  and  re-Insulate  the  rmls. 
Open  Circuit  Transformers. —  The  ordinary   inUu^ 
lion  cuil  (Kig.  ,546),  with  its  automatic  break  and  condc 
removed,  may   be  taken   as  the  type  of  an  open  circui 
transformer.     The  i)rimary  and  sceondary  loils  are  irounj 
round  a  simple  straight  iron  core  of  iron  wires,  the  tnagneti< 
lines  from  which  have  lo  complete  their  circuit  throujth  the 
surrounding  non-m.agnctic  materials. 

A  modern  it[)en  cir<  uit  transformer,  built  csj>c»Ta1!y  fot 
power  transnussido,  is  shown  in  Kig.  350  ,  it  is  the  || 

"  Hedgehog  ■  transformer,  dcsigncil  '•'   ^tr  '^winbuii.^. 


Fir.     iV'.--Swintairiic'« 

"Ht.lj;.l ■    I > 

foniicr. 
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j;iinmelal  caslinK,  wiih  a  <Toss-shai>ed  secliijii,  («sses  licjwn 
centre,  aiid  is  siiread  out  at  the  bottom  end  to  furin  the 
llegs,  and  at  the  toi)  to  receive  the  hoard  for  the  terminals. 
jln  the  recesses  of  the  cross  four  bundles  of  soft  iron  wire 
[are  laid,  filling  them  up,  and  the  jirojeiting  ends  of  the 
[wires  are  spread  out  like  the  bristles  of  a  brush,  giving  the 
[transformer  the  prickly  appearance  at  the  ends  from  which 
fits  name  is  derived.  The  iron  wires  are  taped  over,  and 
the  thick  wire  coils  wound  on  ;  over  these  are  slipped  two 
cylinders  of  ebonite,  on  which  the  fine  wire  coils  are  wound 
hn  two  compartments,  with  an  ebonite  disc  between  them. 
I'l'he  ends  of  both  circuits  arc  brought  to  terminals  on  the 
|l)oard  at  the  top,  and  the  whole  is  enclosed  for  protection 
lin  a  stoneware  jar,  in  which  no  eddy  current  can  be  set  up, 
land  which  does  not  short-circuit  the  m.ignetic  lines. 

The   relative    advantages    of    closed-   and   open-circuit 

llransfoiniers   have  been  the  siiliject  of  nuicji   controversy, 

and  a  full  discussion  of  them  would  lead  us  too  Hir.     We 

nay,  however,  point  out  that  the  open-circuit  transformers 

eipiire  more  magnetising  anipere-lurns  for  the  same  mag- 

(nctic  (lux  ;  and  since,  in  some  systems,  the-  practice  is  to 

jve  the  primaries  of  all  the  transformers  in  a  district  per- 

nuncnily  closed  on  the  mains,  large  currents  will  be  flowing 

ven  when  the  secondaries  are  open  and  no  power  is  being 

Itaken   from   the  tran.sformers.      On   the  other   hand,   it   is 

lasserted  that  the  loss  by  "  hysteresis  "  '  is  less  in  open-  than 

closed-circuit  transformers,  and  also  that,  as  there  is  more 

(00m,   a  greater  cross-section   can   be  used   in  the  copper 

toils,  and  thus  the  losses  due  to  the  heating  elfeit  of  the 

Icurrent  be  diminished. 

We  shall  conclude  this  section  with  a  description  nf  the 
special  transformer  constructed  by  Mr.  Tesia  for  liis  lirilli;tnt 
tKperiniciits  on  high-pressure  and  high-freiiuency  alternate 
curunls.  In  (his  lr:insformer  no  injn  is  used,  .ind  the 
'  See  page  i 56. 
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magni-tic  lines  jiass  entirely  ihrouf;h  non-magneti<- 
lerial.  It  is  shuwn  in  seciiun  in  Fig.  351.  The  lot 
pressure,  or  priinar)'  coils,  1'  P,  consist  of  wcllinsulale 
copiK-T    wire    wtiund    in    two    sections    on    ihc    woodc 
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'mandril,  W.  There  are  four  layers,  each  having  twenty- 
four  turns  in  each  sertion,  and  the  difTcrent  layers  are 
t;|iaralcd  by  cotton  cloth.  The  en<ls  of  the  sections 
ire  lirou^ht  out  throuyh  ebonite  tubes,  //.  The  high- 
|)ressurc,  or  secondary  coils,  SS,  are  wound  ujwjn  ebonite 
l)obbins,  R  R,  which  slip  over  the  |)riniary  coils,  P  P.  Each 
fcondary  cnil  consists  of  2(>o  turns  of  best  gutta  percha- 
L>vt:rcd  wire,  and  the  two  halves  are  wound  oppositely,  and 

'connected  in  series.  The  ends,  TT,  are  brought  out 
ihrciugh  thi<  k  ebonite  lubes,  /,  /,.  'I'he  bobljins  are 
I'laniptd  lirinly  in  their  pl.ices,  with  wooden  dist.iiicc  pieces 
jelween  them,  and  the  whole  placed  on  wooden  supports 
III  a  wooden  box,  I!,  surrounded  by  a  shell,  Z,  of  zinc, 
pl'he  Itox  is  filled  with  a  good  insulating  oil,  which,  if  a 
spark  should   pass,  will  close   up   agaiu,   and   restore   the 

isuiation, 

Electric  Motors. 

The  prol)leni  of  the  Transmission  and  Distribution  of 
Tower  by  means  of  the  electric  current  not  only  recjuircs 
hM  the  original  energy,  whatever  it  may  be,  should  be 
;cononii<-ally  converted  into  current  energy,  and  also  econo- 
mically, by  ihc  use  of  transfciniicrs.  or  otherwise',  ( onveyed 
^lo  the  points  where  it  is  reijuired,  but  also  that  there  should 
at  these  points  suitable  apparatus  for  the  conversion  of 
the  energy  of  the  current  into  any  other  form  of  energy  that 
nay  be  required.  Some  forms  of  such  apparatus  we  have 
Blrcady  descrilnjd  when  treating  of  arc  and  glow  lamps,  and 
ilbO  of  electrolytic  baths,  but  there  yet  remains  for  descrip- 
lion  that  class  of  apparatus  which  is  cajiable  of  converting 
the  jKJwer  of  the  current  into  the  form  in  which  it  can  be 
most  widely  applied,  viz.,  ordinary  mechanical  power, 
i'hc  machines  used  for  this  purpose  are  called  Electric 
'Motors. 

.\m  lllectrie  Motoi  may,  tiierefore,  be  defined  as  a  machine 
comxrtin^  (he  energy  of  ekctrie  atmnls  into  mechanical 
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energy  by  arranging  for  acme  airreiit larryini;  e«nduiton  A'  bt 
free  to  tmwe  in  a  mtv^iutk  Jicld^  I'totn  ihis  it  is  cvidtnl 
that  an  eleclric  niuior  performs  the  converse  o|)cration  to 
that  accomplished  by  a  dynamo.  Not  only  is  this  the  rase, 
but  it  is  extremely  interesting  tolind  that  a  g<.K>d  continuous- 
current  dynamo  can  be  used  as  nn  electric  motor-  in  olbc 
Words,  that  such  a  dynamo  is  a  mtrsihU  mathine.  Whc 
Used  as  a  dynamo,  and  su|>|jlied  with  mechanical  [mjwc 
from  a  steam  engine  or  other  prime  mover,  it  transfor 
that  power  into  electric-current  power  at  a  certain  |>rc<J 
arranged  voltage.  Conversely,  if  an  electric  current  at 
proper  voltage  be  supplied  to  the  ukk  liine  from  an  external 
source,  it  will  convert  the  power  ol  that  current  into 
mechanical  jiovver  available  for  driving  machinery,  or 
any  other  purpose  to  which  such  |x»wer  is  geiicrall| 
ap|>licd. 

The  beginning  of  the  history  of  electric  ntulors  ilaK 
back  to  a  ix-Tiod  anterior  to  Faraday's  discovery  of  mai;nct<] 
electric  induction.     Sturge<.»n,  in   i.Sjj,  descnlK-d  a  piece  h| 
apparatus,  consisting  of  a  star  wheel,  by  which  nieclianir^ 
rotation   could    be   produced   eleclriailly.      Also,   since 
current-carrying  coil  was  known  to  be  attracted  by  a  magnet, 
motors  were  made  in  which  such  coils  were  pulled  round 
by   magnets.      All   these,   however,   were   mere   toys.     Thd 
first   motor  which  was  constructeil   to  do  an  apprcciatill 
amount  of  work  was  made   l)y  Jacobi,  in    i8.?X,  for  th4 
Iiurpose  i)f  propcllmg  .in  electric  boat  on  the  Neva.     ThU 
motor  \V\%.  .?5J)  consisted  of  two  sets  of  fixed  horse-sho 
electromagnets,  with  their  poles  facing  one  anoihef. 
twecn  these  was  placed  a  six-armed  wheel,  free  to  rotate  i 
a    horizontal    axis,    and    carrying    twelve    straight 
magnets,  so  .spaced  that,  in  certain  positions  of  i : 
their  poles  came  opposite  the  polcii  of  alterniitc  [iiiin  of  I 

'  1'hi-  ttailrr  ilKnilil  coiii|>are  lliit  <l«liiiilion  with  lliv  >lri'    ' 
(lyiuiiiii  givui  un  (luiie  iSo. 
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ixeil  iiiagiK'ts.  On  the  axis  of  the  wheel  four  split-tube 
coinuiutalors  were  su  arranged  that  they  changed  the 
direction  of  the  currents  in  tlie  straight  magnets  when  they 
came  opposite  the  iiorse-shoe  magnets,  so  that  what  was 
previously  an  attraction  became  a  repulsion.  In  this  way 
continuous  rotation  was  iiroduced,  and  using  a  huge  hailery 
of  128  Grove's  cells,  Jacobi  was  alilu  to  drive  his  boat  at  a 
sjieed  of  2"6  miles  per  hour.     The  e.xperiment.s,  however. 


Jacob)'*  Eleclric  tluiui . 


cost  the  Emperor  Nicholas  about  ^3,400,  and,  therefore, 
dill  not  seem  to  promise  much  practical  usefulness  for  the 
new  method  of  propuisum. 

Froni  lime  to  time  tlie  subject  of  the  conslruilion  <<( 
cflicient  electric  motors  attracted  a  gootl  deal  of  attention, 
and  numerous  ingenious  attempts  were  made  by  many 
inventors  to  solve  the  problem.  (_)ne  favourite  device  was 
to  so  arrange  the  machinery  that  by  the  allraclion  of  soft 
iron  cores  into  hollow  solenoids  a  reciprocating  motion  was 
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produced,  like  that  of  the  piston  of  a  steam  engine.    Thi) 
reci|iro('ating  motion  was  then  transmitted  to  the  other  |ati 
of  the  iiia<  hine  in  one  of  the  usual  ways. 

Previous  to  the  develojiinent  of  the  dynamo  roa<'hir 
however,  all  these  eleilric  nioturs  were  severely  handirap^i 
in  |>ractiral  work  by  the  high  cost  of  producing  the  clcrlriJ 
currents  thai  were  reijuired  to  set  them  in  motion.     Primar 
lotteries  were  tlie  only  sources  available,  and  these,  thoii|{l 
very  efliclent,  used  far  loo  expensive  a  fuel  (zinc)  to  aUa 
machines  drawing  energy  from  them  to  compete  with  stcan 
engines.     lUit  when,  liy  the  improvement  of  the  dynam<i 
electric  <-urrents  drawing  their  energy  from  cheaper  sourrt 
were  made  available,  the  as|)ecl  of  the  sulijecl  completcl] 
changed.     In  addition,  the  discovery  that  the  dynamo 
itself  a  reversible  machine,  and  cmild  be  used  a.s  an  eleitric 
motor,  turned  the  attention  of  inventors  in  a  new  direction 
which  has  been  fruitful  in  producing  the  most  importan 
results. 

It    has    already    1)een     pointed    out    that    when    th 
armature  of  an  ordinar}-scries   dynamo  iH   rotalc<1    the 
is  comparatively  little  resistance  to  the  motion,  as  long 
the  electric  circuit  is  not  cijinpleted.      IJut  as  so4jn  as  thd 
outer  circuit  is  closed  a  much  greater  en(7rl  is  required  l< 
maintain  the  speed  of  rotation.     In  fact,  it  is  frtmi  the  worlj 
necessary  to  overcome  this  resistance  to  rotation  that  tt 
energy  of  (he  currents  is  derived. 

If,  now,  we  reverse  the  experiment,  and  fn>m  Mime  1 
temal  source  dtive  a  current  throtigh  the  machine  in  tli 
san>e  direction  as  that  which  its  own  current  would  take  il| 
the  above  c.^sc  ;  if,  also,  wc  hold  the  armature  fast,  so  that  I 
cannot  move,  then  the  same  electromagnetic  and  mc 
ical  forces  will   be  c ailed   into  exi.'vtenie  which  rcxi!*t< 
rolnlion  in  the  previous  ca^e.     If,  therefore,  wc  rrle 
armature  and  leave  it  ftce  (o  mlatc,  it  will  move  Ikh  kti 
ami  rotate  in  the  o|i|iosile  direction  to  that  in  which 
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previously  driven.  Also,  as  the  coniiniitaUir,  l)y  continually 
chanj;ing  ihe  direition  of  the  turreiUs   in  the  coils  of  the 

■rniiiture,  maintains  the  effective  relative  positions  of  the 
ficldniagnels  ;in<l  armature  eurrenls  unchanged,  the  rotation 
will  be  continuous.  The  rotating  armature  .shaft  can  now 
|)c  connected  by  belling  or  coU]iling  to  any  machinery  which 

^t  is  required  to  set  in  motion,  and,  |»rovided  the  resistance 
to  rotation,  so  set  uji,  he  not  greater  than  the  tendency  of 
the  armature  to  rotate,  the  machinery  will  be  set  in  motion 

Ianfl  the  required  work  will  be  tlone.  In  this  way,  fiom 
kheoretical  considerations  alone,  we  can  see  that  an  ordinary 
■erics  dynamo  may  Ik."  used  as  an  electric  motor.  With 
Wight  inodificalions  the  same  reasoning,  of  course,  applies 
to  shunt-  and  compound-wound  dynamos,  but  the  case 
rliosen  is  sufti<-ient  for  our  purpose.  We  shall  now  describe 
one  or  two  modern  forms  of  continuous-current  electric 
motors,  and  afterwards  return  to  some  interesting  element- 
ary points  in  connection  with  the  theory  underlying  their 
working. 

Continuous  Current  Motors.— As  any  good  con- 

iinuouscurrent  dynamo  is  reversible,  and  can  therefore  l)e 
^Un  as  a  motor,  the  difference  in  external  appearance  be- 
veen  motors  and  dynamos  is  not  very  marked,  cxcejit  in 
ases  where  the  purpose  for  which  the  motors  to  Ix;  used 
has  caused  a  departure  from  the  ordinary  dynamo  types. 
For  general  purposes  the  actual  differences  are  .small,  and 
ire  chiefly  in  internal  details,  such  as  more  c.ireful  lamination 
)f  the  iron  to  avoid  eddy  currents,  and  good  mechanical 
Jevices  for  transmitting  the  drag  on  the  current-carrying 
fires  to  the  shaft. 

A  good  example  of  a  modern  motor  is  shown  in  Fig. 
J53,  which  rejiresenls  a  motor  manufactured  by  Messrs. 
.wiutence,  Scott  and  Co.  1 1  is  of  the  double  inagnetic- 
arcuit  type,  similar  lo  the  dynamo  described  at  page  235  ; 
XI  this  ta&e,  however,  cast-iron  is  used  for  the  magnets,  and 
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the  diminished  penncal)ility  is  couiUcraclcd  hy  increa 
cross-section.     Casl-iion  is  used  so  as  lo  uhiain  gr^ 
and  cheapness  of  construction.    The  iron  core  of  •, 
turc  is  slotted  on  the  external  jieriphcry,  and  the  wire 
wound  in  these  slots.     In  this  way  the  magnetic  pull  on  tli 
wires  when  the  niacliine   is  working  is  directly  iransmitlcd 
to  the  iron  of  the  core  and  thence  to  the  shaft,  axid  alM)  th 


h 


ft-  us-'-  Lauirnu,  Scott  &  Cb,  >  Motor. 


iron  projections  prevciii  the  wire  being  dis]>lace<l  bti;cilll 
hy  the  large  forces  called  inttj  play.  'ITie  umulute  Is  dnil 
wound,  and  the  conductors  are  Ijrouj-ht  to  . 
mutator.  Rxtern.illy,  the  inobt  marked  diiTu 
arranjicmcnt  of  the  hrushe;;,  which  arc  set  vextically  wiXl 
any  lead,  and  tourhin;;  llie  commutator  along  t'-  '•-- 
diameter.  It  will  lie  .seen  that  so  Net  the  am 
run  round  cither  way  wiilioiit  «lama);inj;  tht 
langcliienis  lur   sn   iiiniiiiu'   aii'   .ili^dlnii  K    i. 


Edison  Street-Car  Motor. 
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notor  which  is  to  be  used  for  (general  work,  as  llie  direction 

f  motion  may  often  have  to  lie  reversed. 

As  we  have  already  very  fully  dcscrilied  the  leading  types 
of  dynamos,  we  shall  not  further  refer  to  the  many  excellent 
niotors  thjt   so  closely  resenvlile   them,  liut  conelude   with 

escriptions  of  two  motors  in  which  the  ordinary  dynamo 
orm  h.is  been  widely  departed  from.  The  exigencies  of 
electric  locomotion  have   led  to  the  greatest  modifications 


'■"'g-  354.— t'-'Jiwi)  Slivel-car  MMlor. 


»f  this  kind,  and  our   examples   both   deal    with    motors 
iesigned  for  locomotive  work. 

'J'be  first  (Fi^.  354)  is  a  street-car  motor,  designed  by 

Edison.      For  this   kind  of  work   the   hiyh  speed  of  the 

rmaturc,   electrically   necessary,   is   a    disadvantage,  and 

many  attempts  have  been   made  to  reduce   the   absolute 

Speed  of  the  armature,  and  also  to  simplify  the  gearing  by 

which  a  still   further   reduced  speed  is  transmitted  to  the 

idf  of  the  car.     In  this  case  the  motion  of  the  armature 

pindle  S  is  transmitted   to  the  car  axle  \,  by  means  of  a 
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sitifjlc  pinion  and  toothed  wheel  al  each  end  uf  the  i 
one  of  ihfSL-  Iieing  partly  shown  at  th«  back.  The  i 
circuit  has  four  jtolcs,  but  only  tiro  exciting;  <^I><1>> 
wound  U|>on  the  hori/nntal  |)olc-pKce^  the  nugaec  feme 
is  made  in  one  piece  of  s(>ccial  .toft  cast  steel,  a  malenil 
whirh  ix  at  present  on  its  trial  for  dy-rumo  and 
nia^netH.     To  this  franif  the  (>olc  pieces  are  liolied. 

The  number  of  revolutions  per   minute  »  redured 
making  the  armature  of  large  diameter  <i8  incbo),  wti 
iniTfaseii  the   crirtumferential  sjjecd,  ar.  " 
ptjles  instead  of  two,  an    arrangement 
;iiiiiaUirc  wire  to  cut  through  more  fields  in  a  singte  rrvu 
Union,      Tiic  nrnutture  is  (iramme  wound,  and  the 
imitator  \%  very  large,  Iieing  lo  inches  in  diameter. 
Iiriislies  are  fixed   In  holders  Ixjlted  lo  the  four  comets  i 
the  vertiral  pule  pieces.    They  arc  made  of  blocks  of  earU 
prcHHcd  ngainnt  the  commutator  by  springs,  and  are  so  i 
thill    tile  armature   ran   run   either  way  without 
thein.     Tile  motor  can  <lLveli)|>e  30  horse-iKiwer, 
iiiiiniiig  at  460  revolutions  |*cr  minute,  drives  ll>c  rar  at  | 
speed  of  I J  miles  per  hour.     When  in  use  the  whole  motO 
nn<l    trnnsiiiitlmg    gears     are     encased    in    a     watertij;l| 
cover. 

Our  next  example  (I'ig.  355)  has  a  still  more  curioil 
magnetic  circuit.     The  outer  frame  is  in  two  iiarb,  whic 
when  the  motor  is  in  use,  are  lK)lted  tojjether,  but  in  th 
figure  one  of  llicm  is  shown  raised  to  expose  the  inlcriu 
This  frame  forms  the  yoke  of  the  magnetic  circuit,  the  pold 
pieces  being  placed  one  below  and  the  other  abot-c  it 
armature ;  the  surface;  of  the  upper  pole-|)iecc  ran  be  sec 
inside  the  rasing.      It  is  round  this  up|H.-r  |K>le-piec 
the  single  exciting  coil  employed  is  wound,  the  jmloi 
projecting  far  enough  inwards  from  the  frame  to  make  rooi^ 
for  it.     The  fiatne  when  dosetl  so  ctmi'  ■  liu(] 

field-niagnet  and  armature  coils  that  wui 
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bver  the  motor  with  iinpiinily,  or  it  may  l)c  run  through 
rater  up  to  ihc  Uivvcr  side  of  tiic  bearings. 

The  arninture  is  20  inches  in  diameter,  and  is  ring- 
"wound,  the  wires  lying  in  64  grooves  in  the  iron  eore, 
each  groove  taking  14  windings  ;  tiiesc  grooves  can  l>c 
distinctly  seen  in  the  figure.  The  commutator  is  sulv 
^lantial,  and  t)ie  carlion  brushes  are  fixed  in  stationary 
)rusli-i)ijlders  clamped   to   the  frame   on   each  side  of  the 


Ki^.  3«;5.— I''ifty  lloi'W  poHcr  Walt*rproof  Trsm-Cir  Motor. 

Aring.  The  driving  pinion  is  on  Ihc  left-hand  end  1.''^  the 
krmattirc  .■vxle,  and  drives  a  large  toothed  wheel  on  the  car 
(ixle,  by  which  the  motor  is  supjiortcd.  liolh  [>inion  and 
rheel  arc  enclosed  in  a  water-  and  dust-proof  cover,  which 

partly  fdled  with  heavy  lubricating  oil  in  which  the  gear- 
ing works  noiselessly. 

This  motor  is  capable  of  develoj^ng  50  horse-power. 
Il  is  m.idc  by  the  (leneral  Electric  ('ompany  of  New  N'ork, 
Jidin  October,   1893,  was  in  use  on  about  150  tram-lines 
throughout  the  United  States. 

It  is  unnecessary  to  further  multiply  examples  of  actual 
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motors,  and  wc  shall  now  roiKiadc  ibis  section  wiih  a  i 
rcm.irks  on  some  inlcresiing  points  ia  the  liKory  < 

ihcir  worfcinf;. 

Elementary  Theory  of  Electric  Hoton. 

ahunii  (|>;i}(c  (<>)Vt)  llut  if  a  lunL-iit  from  an  c»]ct:. 
lic  tlrivcn  through  a  scries  dyiuiDO  in  the  mmt  dircctina  <« 
thai  in  whirh  its  own  current  would  fl<- 
frtc,  will  rotalc-  I;.-t<kwanJs.  If  allowed  • 
new  clcclriral  conditions  arc  lirought  into  existence.  The 
ffdiowinp  cx|KTimcnt  is  both  instructive  and  interesting 
Su|i|M)Sf  tite  source  of  current  used  to  be  a  sccondaiy 
battery  of  constant  R.M.F.  Conncrt  the  lottery  lo  ih 
riynaino  and  place  an  atnructer  in  the  circuit.  Fint  hoW 
the  arniattirc  fast,  so  that  it  cannot  rotate,  and  ivad  the 
current  indicated  by  the  ammeter:  let  this  be,  say, 
nm|Hres,  Now  let  the  armature  rotate  slowly,  and  it  will  I 
noticed  that  the  current  at  once  l)ecnmes  Itss,  Record 
8i>ec(l  and  the  current,  the  former  being,  say,  50  r^ 
|>cr  minute,  and  the  latter  \(r2  amperes.  \xi\.  the 
rotate  faster  and  faster,  and  take  simultaneous  teadinjcs 
speed  and  current  f«>r  different  speeds.  Ft  will  be  fcmr 
dial  .18  the  spied  increases  the  current  diminishi"s,  and  rt/i 
versii,  until  at  n  high  speed,  s.iy  195  revolutions  jier  tninuK 
the  current  sinks  to  5'i  nniiil-res  a  fraction  only 
value  when  the  arin.ature  was  kept  motionless. 

The  C.1USO  of  this  diiiiinution   of  current  is  not 
seek  ;  on  it,  in  fa<  I,  depends  the  capability  of  the  cle 
motor  lo  absorb  the  energy  of   the  electric  current 
convert  it  into  mechaniral  energy,     Consider  the  < 
of  nflairs  when  the  nrinaturc  is  allowed  lo  spin.      '1 
then  conductors  moving  in  a  powerful  m.ignetie  ficUI.   Un«l 
these  cin-utiistanccs,  F..M.F.'s  must  be  {sr^  i«ge    178) 
U|i  in  these  conductors.     Moreover,  since  the  armature 
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IJg  rtiiK7C'iirJs,  these  E.M.F.'s  must  lie  sutli  as  woiilil 
lend  to  generate  a  current  in  the  uppositc  ilirection  to  thai 
usually  given  by  the  machine— that  is,  they  tend  to  generate 
a  current  in  the  Opposite  direction  to  the  current  actuall) 
llowing  through  the  machine  ;  in  other  words,  with  respect 
to  the  actual  flow  of  current,  they  are  A/iX'  E.M.J'.'i. 
That  this  must  be  their  direction  is  also  apparent  Ironi 
Lena's  taw  (page  1 74),  and  from  considerations  of  the  con- 
servation of  energy,  from  which  it  is  clear  that  where  there 
is  no  store  of  energy  the  effect  cannot  assist  the  cause,  but 
must  act  against  it. 

The  funtlamental  fact,  then,  Is  that  when  an  electric 
rootur  is  working  in  any  circuit  it  »ets  up  a  back  E.M.K. 
in  that  circuit,  which  tends  to  cut  down  the  current.  Let 
E  represent  the  E.M.F.  of  our  battery  in  the  above  c;ise, 
and  R  the  resistance  of  the  circuit.  Then,  when  the  arma- 
ture is  held  at  rest,  we  have  by  Ohm's  law  that  the  current 
(Oo)  in  the  circuit  is  given  by  the  equation — 

0=?. 


But  when  the  armature  is  allowed  lu  rut.ut.-,  11  iniik  E.M.I'", 
(e)  is  set  up  in  the  circuit,  which  diminishes  the  effective 
E.M.F.  available,  and  alters  the  current,  which  is  now 
given  bv  the  equation — 

E-e 


C  = 


& 


which  shows  that  C  is  necessarily  less  than  Co- 

This  last  equation  may  be  re-written  in  cither  of  ihc. 
forms  - 

C&  =  E-e, 
r.r  E  =  0  R  )-  e. 


These  arc  prenure  equations,  and  the  last  expresses  the 
physical  fact  that  the   volts  (E)  generated  by  the  battery 

TT 
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are  jwrtly  employed  in  driving  the  current,  C,  throuj^h  llij 
dead  resistance,  R,  of  the  circuit,  and  are   partly   baL 
by  the  back  volts,  e,  set  up  in  the  armature  of  tlic  motor. 

The  last  equation  becomes  still  more  suggestive,  from 
the  physical  standpoint,  if  wc  mnlliply  each  term  bjr  the 
current,  0,  and  the  lime,  t,  when  it  takes  the  forro- 

ECt  =  C  Bt  +  eCt 

This  equation  is  now  an  energy  equation  each  lenn,  *l 
ordinary  units  are  used  representing  so  many  joules', 
term  on  the  left-hand  side  gives  the  total  electrical  energy  i 
joules  thrown  into  the  circuit  by  thu  battery  during  ih 
time  t.  The  first  term  on  the  right  represents,  a- 
seen  (page  65,5),  the  number  of  joules  that  arc  •. 
heating  the  conductors  carrying  the  current  0.  WhaJ,  III 
djics  ihc  last  Icrm  represent?  It  is  obvion-' 
equal  to  the  difference  between  the  total  tu 
the  circuit  and  the  energy  wasted  In  heating  the  condurior 
Hut  mechanical  energy  is  being  produced  by  the  motor,  ;ind 
the  law  of  the  conservation  of  cner^v  ;isserls  that  er 
cannot  be  created.  'I"he  maximum  amount  of  this  tiiecliaa 
ical  energy  must,  therefore,  be  sought  for  in  the  missin 
energy  represented  by  the  last  term  of  the  above  cioaUori 
This  term,  in  fact,  repicsenls  the  amount  of  1 1 
ished  in  the  adual  case  by  some  uium. 
due  to  mechanical  and  inagnetir  friction)  trnnstormed  in 
mechanical  energy. 

It  is  interesting  to  consider  the  various  futon  n(  th 
term,  e  0  t.  which  represents  the  transformct' 
ot  these  i<  e.  lhet>aek  K.M.F.  of  the  motur 
rxw  the  term  itself  becomes  zerti ;  that  1 
turc  is  helil    fast,   no  elcclrir    energy  i^ 
rDcchanic.il  energy,  which   is  otherwise  •  rj 


Ids,  in  the  case  considered,  as  long  as  there  is  no  back 
.M.F.,  and  consequent  diminution  of  the  current,  there  is 
BO  transformation  of   energy,  there    is   no   electric  motor 
action.     Bui  it  is  still  more  important  to  observe  that  the 
amount  of  energy  transformed,  aeUris  paribus,  is  directly 
proportional  to  the  back  li.M.F.,  and,  therefore,  if  we  have 
j.some  means  of  keeping  iip  the  magnitude  of  the  current 
(for  instance,    sup|K)se  it  generated  by  a  constant-current 
'  dynamo),  the  quicker  we   allow  our  armature  to  rotate,  the 
more  mechanical  energy  can  we  draw  from   it  in  a  given 
^Rime. 

^H  Without  troubling  our  readers  with  the  more  complicated 
^■equations  in  connection  with  shunt-  and  compound-wound 
^Mnotors,  we  may  remark  that  the  corresponding  "  transforin- 
^Httion  "  term,  as  it  may  be  c;tlled,  has  the  same  form  as 
^Hthat  given  above,  the  only  difTerence  in  the  meaning  of  the 
^^symbols  being  that  C,  the  current,  instead  of  being  the 
whole  current  suiiplied  to  the  motor,  is  that  part  of  it  which 
passes  through  the  armature. 

Reactions  in  the  Armature.— In  the  chapter  on 

iynamo  machines  wc  briefly  referred  (\a^e  220)  to  certain 
Reactions  in  the  armatures  of  continuous-current  dynamos,  the 
chief  eflect  of  which  was  to  make  it  necessary  to  move  the 
crushes  forward,  so  as  to  avoid  destructive  sjjarking  on  the 
Icommutator.  Tn  an  electric  motor  the  same  kind  of  reactions 
uccur,  but  they  have  an  o])posile  effect  on  the  position  of 
I  the  brushes.  That  this  must  Ix  so  is  evident  when  we 
^vconsidcr  that  for  the  same  relative  positions  of  the  magnetic 
^(fields  due  to  the  armature  and  the  field-magnets,  the 
'  armature  runs  round  in  lite  opposite  direction.  Since  the 
position  of  the  brushes  for  no  sparking  depends  only  on  the 
two  magnetic  fields,  it  will  still  be  the  same  as  before,  but 
as  regards  the  direction  oj  nilnlion  \s\\\  be  reversed.  In 
aiher  words,  \\\^  Jnnvixrd  icad  in  a  dynamo  becomes  a  back- 
ward  find  in  a  motor.  In  connection  with  this  it  will  be 
T  r  2 
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interestiqg  to    c(Kn|jare    Fig.  356,    wliirli    repcescau 

effective  field  of  i  motur,  with  Fig.  uo,  n-i  r  .: 

cfTecti^c  fietd  of  a  dynamo.     In  both  cases  ti  m  1 

rotatiuo  (S  sc|>pos«d  to  be  clockwise,  instead  of  btia^ 
reversed  in  the  first  case,  as  wc  have  Iteen  consiilcriiig. 
The  simiUrity  01  rotation  is  brought  aljout  by  rcvcrsti^ 
the  annature  ciurenl  in  Fig.  356,  as  compared  with  Fig. 
and  obvi!)ii>lv  ihc  cSa  \  i,i  surh  reversal  will  be  to  rake  ll|< 


nattkant  fictd  in  the  ofiposiic  direction,  as  depicted  in  1 
figure. 

'I'betc  arc  many  oUicr  intercsUjig  p<Mai5  in  conr 
with  the  thcoc)'  uC  oontiDuuQ»<ument  utotorv    The  invesiil 

gai  -•        -     '  ■  ■      •  "  ■  li. 

alTv  m 

ptvssurc  MipfMted.  on  tiic  ooc  haisd.  and  ihc 
inomenl  and  ctficicocy,  on  thr     •' •  ■    •'•■'' 
curious  results.     For  sur4)  invc 

tetu  to  s}jcaal  ireaiiMj^  4^  th<;y  «u  iMyotwl  (it« 
hooL 
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Alternate  Current  Motors.— Consider  tlie  case  of 
an  allcmate-(  urrenl  dynainn  su(  h  as  wc  depicted  in  Fig. 
i»4,  with  permanent  steel  magnets  for  its  field  magnets. 
If  the  armature  be  supplied  with  a  suitable  alternate  current, 
and  be  once  got  into  rotation  at  the  proper  s()eed,  the 
machine  vvill  act  as  a  motor  with  somewhat  peculiar  pro- 
perties. One  remarkable  property  will  be  that  whatever 
the  load,'  within  a  certain  maximum  limit,  the  speed  will 
be  absolutely  constant,  and  will  depend  only  on  the 
number  of  alternations  [>er  minute  of  the  current  supplied. 
For  it  is  obvious  that  to  set  up  a  back  E.M.F.  of  a  frequency 
equal  to  that  of  the  K-.M-lv  of  the  generator,  there  must 
l>e  a  definite  number  of  reversals  per  minute  of  induced 
E.M.I''.  in  the  armature  coils,  and  these  can  only  lake  place 
at  one  definite  speed.  If  an  attempt  be  made  to  exceed 
the  above  maximum  load,  the  machine,  instead  of  simply 
slowing  down,  will  stop  dead,  and  will  not  again  start  of 
it.self,  aUhough  the  load  be  reduced  below  the  maximiflii. 
To  start  such  a  machine,  the  armature  must  first  be  spun  at 
nearly  the  proper  speed,  when  it  will  liegin  to  absorb  power 
from  the  supply  current,  to  the  requiretnents  of  which  it  will 
quickly  adjust  its  speed. 

It  is  obvious  that  such  a  niotor.  which  cannot  st.irt 
itself,  is  of  little  practical  u.sc ;  though  the  fact  that  its  s|>ecd 
is  constant  when  once  it  is  started,  is  in  its  favour.  The 
same  ilitTicully  is  met  with  when  it  is  attempted  to  use 
a  modern  alternator  with  separately  excited  field  magnets ; 
and  the  availability  of  such  a  machine  for  motor  purposes 
is  further  diminished  by  the  necessity  for  havini;  a  separate 
continuous  current  to  excite  its  field-magnets. 

We  may,  therefore,  conclude  that,  although  under  certain 
conditions  the  ordinary  alternate-current  dynamo  can  be 
used  as  a    motor,   it  is  not  generally  available  for   motor 

'  By  the  AW  is  mcnnt  Ihe  amoiinl  of  mccliaiiical  power  wliicli  the 
motor  is  csUc'l  iijxjn  10  give  uiitat  the  time  iinrler  consideralion. 
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purposes,   and    more   cs|><?cially  b  uscI«s  where  the  m 
soun'o  of  elertric  energy  obtainable  is  from  an  aIictimic 
curri'nl  system  on  piiliiir  supply  mains. 

'I'liLTc  is  one  (liieclion  in  which  a  ?m\ 
pos^iibic.  I'hc  armature  of  an  ordinar)-  com.::-  .. 
ic'/Xf-wound  motor  will  rotate  in  the  same  directton  wh6 
ever  way  a  i-ontinuous  current  be  sent  through  it.  Thij 
is  due  to  the  fad  llial  when  you  reverse  the  curreni  yod 
reverse  both  the  magnetic  field  due  to  the  amiatnrc  an 
also  that  due  to  the  field-magnets.  Simre  Inrth  arc  rcvimeil|| 
the  nuitiinl  action  between  them  is  in  the  same  clireriii 
as  before,  and  therefore  the  annature  Still  rotates  the 
way  round.  Now,  if  the  direction  of  rotation  be  the  sar 
for  both  positive  and  negative  currents,  the  roachittc  shool^ 
work  will)  an  alternate  current,  which  is  simpl'  '    up  i 

Mich    positive   and    negative   currents.       Unh'  ^).  \% 

practice,  serious  difliculties  present  themselves,  due  tu  it 
sCTTondary  rearlions  that  become  prominent  whenever  th^ 
current   is   reversed.      The   iron  of  the   field  magnet.'* 
not  reverse  its  niagnclism  (juickly  enough  in  large  ni.ic 
however  carefully  it  be  laminated.     'Ihe  soluti'>'>  ''t  tl 
fore,  only  been  successful  with  small  motors. 

( >lher  attempts  have  been   made  to  solve   thv 
of  producing  a  satisfactory  self  contained  elcitric 
be  actuated   by  ordinary  alternate   currents,  but  hithert^ 
without  snihcient  success  to  warrant  us  dcvofinj: 
lh<-   consideration   of  them.     This    want   of  a  ^i  rj 

motor   is  a   disadvantage   in    alternate-current  systcmi 
public  suppi). 

I'olyphxuf  AltertwIfCurrent  Moteru — By  for  Uie  vuaA 
successful  altcrnale-current  motors  are  lhj> 
(Nilypluse  currents,  the  particular  kind  of  cut; 
ein}iloycd  iKing  thrcc-pltascd.  The  ehief  drawtittck  to  the 
use  of  such  motors  in  the  electric  tr  on  oJ  ptiwcr  i< 

that  ihrtelme  wires  art;  required  in  :  .  ii. 


I 


In  our  ilcscri))iion  of  the  Shiillonberger  meter,  at  page 
454,  we  have  already  minutely  exi)lained  how  a  rotating 
niagndic  field  can  cause  a  disc  of  iron  plaied  in  it  to 
revolve.  The  action  is  due  to  the  fact  that  such  a  disc 
consists  of  a  number  of  closed  electric  circuits,  in  which 
currents  are  induced  which  react  on  the  rotating  field, 
causing  the  disc  to  revolve.  The  same  principle  is  used 
in  polyplia.se  motors,  but  g  ^    ^  t 

the  revolving  disc,  instead  "... 
of  being  a  solid  block, 
consists  of  a  number  of 
carefully  wound  electric 
circuits,  each  closed  on 
itself,  ami  so  placed  that 
the  induced  currenis  are 
conllned  to  circuits  in 
which  they  shall  give  the 
maximum  turning  eflbrt. 
Were  a  solid  block  of 
copper  used,  the  induced 
currents  would  wander 
about  in  all  directions, 
and  much  power  would 
be  wasted  by  them  in 
heating  the  copjier.  The 
power  so  wasted  in  the  Shallenberger  meter  is  insignificant, 
because  the  whole  amount  of  power  transformed  is  very 
Email. 

A  "  polyphase  motor,"  then,  consists  of  an  arrangenient 
for  producing  a  rotating  m;ignetie  field,  in  which  are  placed 
closed  electric  circuits,  free  to  rotate  on  an  axis.  The 
arrangement  is  diagrammalically  depicted  in  Fig.  357,  which 
is  due  to  Dr.  S.  P.  Thompson.  The  three  phase  currents 
arc  brought  to  the  magnetising  coils  by  the  line-wires,  a,  />, 
and  c.     I'  will  be  remembered  that  the  peculiarity  (sef  page 


tig.  J57,— Diijtiam  of  PolypliaM  Motor. 
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460)  of  ihcsc  currcnu  is  that  thcjr  reach  tbdr 
(or  ncgAtivf )  maxima  at  cucccssivc  instants,  foUowinf 
another  at  tntt;rvaU  er]ual  to  one-third  of  the  (Ksiad  of  A 
comiilclr  a]ii.-mation.  Tlius,  tht.-  iKuiimim  piisi(r*e  cmntt 
in  b  occurs  one  third  of  a  (lerioii  after  the  nrnflar  carrtnt 
in  0.  The  poles  produced  in  the  iron  ring  wtthin  the  cob 
r,  Q,  and  R  will  ohviously  follow  the  fiuctoatioB*  ei  the 
niaKnotising  turrcnis  in  the  coiLs,  and  ^  the  mamuM  of  the 
currents  follow  one  another  round  and  rotwd,  so  will 
magnetic  field  in  the  enclosc<l  space  rotate. 

ThiH  enclosed  space  is  nearly   filled  with  a  cyfinder  of 


Fig.   n».— Rot.iiing  Pjtlof  ral]ri>tnx  Motor. 


lantinatcd  iron,  on  the  circumference  of  which  a  series  ofp 
closed  cleclrir  circuits  arc  wound.  Kach  circuit  continttj 
of  three  eonduclorx,  or  sets  of  condiictofs,  xio"  aparti 
on  the  circumference,  and  the  currents  induced  in  these 
circuits  l>y  the  roUnting  field  cause  the  iron  cylinder  t(i| 
rot;i''  'i   of  the  rtACtii)tis  alr<.a(ly  explained. 

I  loi.s  ol  this  kind  have  been  built  by  Mr.  Cj 

E.  L  Itfown,  of  Oerlikon.     Fig.  358  represents  the  roiaiin 
part  of  a  motor  which  dr^elopes  20  hor«e-pow< '  -•  - 
of   1,300   rv>'oIution.s.     "Ww  core   dtitcs   are   ; 
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longitudinal  holes  nenr  tlie  circunifercncf,  and  the  copper 
I  conductors  arc  round  bars  tlirt;aded  into  these  holes.  It 
I  is  therefore  impossible  to  displace  them  by  the  mechanical 

forces  Set  up.      The  ends  of  the  copper  bars  are  simply 

connected  by  circular  strips  of  (  op|>er ;  there  are  no  sliding 
ior  other  contacts,  since  no  external  currents   have  to  be 

hitroduced,    the    whole    of    the    working    currents   being 

I  induced  currents  set  up  by  the  rotating  field  produced  by 
the  external  pait  of  the  motor,  which  is  not  shown. 
* 


Applications    of    Power    Electrically 
Transmitted. 


There  have  now  been  descrit)ed,  in  perhaps  sufficient 
Idet.iil,  the  various  systems  and  apparatus  that  are  employed 
I  for  economically  iransniitting  to  a  distance  large  amounts  of 

power   by  electrical    means.     Also    the  various   interesting 

laws  governing  the  action  of  the  electric  motors  which 
[■receive  this  jiower  and  re-convert  it  into  mechanical  forms 
I  have  been  referred  to,  and  some  of  the  motors  themselves 
^described.  There  still  remains  the  question  of  the  applica- 
Dn  of  this  power  as  received  from  the  electric  motors.     At 

Rrsl  sight  the  considerations  involved  would  seem  to  be 
[fturely  mechanical,  and  therefore  such  as  need  not  be  tiealt 
[with  in  a  book  on  the  Electric  Current.  Ihit  the  mechanical 
[conditions  react  upon  the  electrical  problem,  and  cause 
Imodifications  in  the  solution,  which  in  themselves  are  in- 
[teresttng  both  from  an  electrical  and  a  general  point  of  view. 
[The 'remainder  of  this  chapter  will  therefore  he  devoted  to 

the  description  of  a  few  of  these  applications, 

ELEdRIC    IXKTOMnTION. 

One  of  the  most  interesting  applications  of  the  mechanical 
3wcr  supjilicd  by  means  of  the  electric  motors  just  described 
Ss  that  which  utilises  it  for  purposes  of  locomotion,  whether 


7M 


The  Electric  Ci'rkkxt. 


in  ihe  form  of  electric  railways,  tramrars,  la;  v 

other  of  the  numerous  methods  l)y  «hitli   j...  ^..^.: 
conveyed  from  place  to  place. 

For  many  reasons  the  supply  of  the  ncce"--  :  fij 

these  purposes  in  the  form  of  an  electric  rurii  -sctai 

obvious  advnntai;es  over  the  use  of  other  kinds  of  power. 
In  the  case  of  railways,  some  of  the  nuisances  att      '     ' 
the  use  of  steam  ha\'e  been  met,  or  rather  mini, 
confining  the  locomotives  to  spcrially-constructcd  road.% 
which   ordinary  vehicular   and  pedestrian  traffic   is  ii. 
excluded.     Hut  notwithstanding  this  partial  seclusion  o- 
furnace  anil  its  attendant  smoke,  the  steam  locom 
the  hcst  a  tolerated  nuisance  in  towns  and  thickl)  j    , 
districts,  whilst  all  of  us  would  enjoy  our  railway  tn\i 
better  if  ihe  air  of  the  numerous  tunnels  in  certain  joiu 
of  the  country  were  not  fouled  hy  the  furnace  smoke. 

The  attempts  to  make  use  of  steam  on  ordinary  roads 

have   not    been    particularly   successfid.     Steam    Iran 

have  been  universally  condemned  as  unmitigated  nni' 
by  the  residents  alonj;  the  line  of  route,  and  in  n 

have  had  to  cease  running  as  such  :  whilst  the  stoa 

engine  has  only  found  very  limited  applications,  and  these 
chiefly  in  country  places. 

I5ut  when  we  turn  to  the  use  of  electrical  power,  all  the 
social  conditions  are  changed  as  if  by  magic.     'I*hc  srocikc 
and  foul  air  disappear,  and  instead  of  the  ponderous  ' 
motive  we  have,  at  the  worst,  a  special  tnotor  nr  nti  • 
to  the  train  or  tram-car.     In  many   r 

motors  are  attached  to  the  axles  of  the  \ .. 

so  that  no  separate  engine  or  its  equivalent  b  rc', 
the    electrically    ])ropelle<l    vehicle    moves   ninng    in 
obedience  to  llii^  most  womlerful  of  the  servnn:-:  th.-.r 
has  yet  subdued  to  minister  to  his  own  want 

In  dealing  with  the  applications  of  clean. 
purposes  of  locomotion,  we  cannot  simply  i  ontin. 
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O  describing  liow  the  power  is  fransniiUttl  from  llie  motor 
shaft  to  the  wheels  of  the  vehicle,  l»ut  iiuist  consider  the 
whole  system  used,  and  more  especially  how  the  current  is 
supplied  to  the  motors.  Thus  in  the  case  of  launches,  dog- 
carts, Iricycles,  and  so  forth,  whii-h  do  not  run  upon  a 
specially  laid  down  and  restricted  track,  the  source  of  the 
current  must  obviously  be  carried  by  the  conveyance  itself. 
With  tram  cars,  whose  course  is  restricted  to  the  rails  laid 
down  for  them,  the  current  generators  may  either  be  carried 
on  the  car,  or  the  current  may  be  supplied  from  a  central 
station  by  means  of  an  insulated  conductor  which  follows 
llie  course  of  the  track.  Passinj^  on  to  railways,  we  find  that 
to  attain  ordinary  speeds  the  electric  power  rcjuired  cannot 
at  present  be  economically  obtained  through  the  medium  of 
any  current  generators  carried  on  the  train,  and  that  this 
power  must  therefore  be  transmitted  to  tiie  moving  train 
through  a  suitable  conducting  circuit. 

Owing  to  a  variety  of  causes  electric  traction  has,  during 
the  last  few  years,  made  much  more  rapid  progress  in  the 
United  States  than  it  has  in  the  United  Kingdom  or  in 
Europe.  Nevertheless,  a  fair  amount  of  solid  though  quiet 
work  has  been  done  on  this  side  of  the  Atlantic,  and  such 
installations  as  have  been  carried  out  arc  distinguished  by 
their  soundness  and  thoroughness.  In  selecting  exam|iles 
from  the  gre.il  cjuaniily  of  material  available,  we  must  follow 
the  same  course  as  we  did  when  describing  modern  dynamos, 
thai  is,  to  lake  sucli  as  seem  most  suitable  for  our  general 
plan,  bi\t  we  must  not  be  supposed  thereby  to  condemn 
systems  or  installations  which  are  left  unnoticed.  Up  to 
the  present,  electric  tram-cars,  or  street  railways  as  they  are 
called  in  the  United  States,  have  perhaps  attracted  most 
attention,  and  shall  therefore  be  dealt  with  fir.st. 

Electric  Tram  cars,  .\sjiistpointedout,theelcclrically 
driven  tram-car  can  either  carry  its  current  generators  with 
it,  or,  since  it  follows  a  definite  and  prescribed  route  from 
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which  it  cannot  deviate,  the  necessary  current  may  lie 
brought  to  it  l>y  means  of  conductors  which  follow  the  line 
of  route  from  end  to  end, 

In  the  first  of  these  cases,  that  in  which  the  car  inu', 
its  own  store  of  energ)',  it  is  (|uile  obvious  that  the  cutt.  i 
must  be  generated  by  chemical  methods,  and  that  djri.ini' 
are  out  of  the  question,      i-or  the  latter  would  require  lo 
drive  them  some  source  of  mechanical  power  such  as  a 
steam,  gas,  or  oil  engine     Nonr  a  little  amsideratinn  will 
show  that,  if  such  a   prime  mover  be  used,  it  will  bf  fit 
more  economical  lo  apply  the  mechanical  {lowcr  gcncr.'icl 
directly  to  the  object  in  view — that  is  the  propulsion  of  the 
car— rather  than   face  the  inevitable  losses  of  the  double 
conveniion,  first  of  mechanical  into  electrical,  and  sccoii>ili 
of  clectrii^l  back  a^ain  into  mechanical  power.     Moreover, 
such  a  combination  would  have  all  the  ilisadvantagcs  of  the 
steam  locomotive,  with  a  few  others  incidental  to  itself. 

The  only  method,  then,  practically  available   ■ 
driven    electric    tram-car   is    that    the   current    sn 
generated  chemically,  that  is,  that  cither  primary  or  secondary 
batteries  should  be  carried  on  the  car  itself.     In  a  previous 
part  of  the  book  (page  64)  it  has  been  shown  that  :iIthoi!i»h 
the  generation  of  the  electric  current  by  primarj'  b 
highly  efficient  when  regarded  as  a  mere  transforu.,...   .. 
energy  from  one  form  to  another,  yet  practically  the  co<t  •'> 
the  materials  at  present  avail.nble  is  absniuicly  protv 
industrial  purposes.     This  considcratiim   limits   tl 
still  further,  so  that,  in  nctu.tl  ])ractice,  secondary  huicncs 
arc  the  only  current  generators  th.it  at  all  satisfy  the  workinjii 
Cdnililions  at  the  present  ifiue. 

It  may  be  pointed  out  here,  before  pre 
consideration  of  details,  that  the  chief  rca;...  . 
driven  bv  secondary  liatteries  can  enter  into  co 
with  lais  iliiven  by  other    methiKN,  is   that     i 
batteries  derive  their  store  of  energy  fn<m  t 
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burning  t'licl  as  supplied  iluough  the  medium  of  the  lx)iler, 
steam  engine,  and  dynamos  used  to  charge  them.  Also 
that  when  the  energy  storeil  in  the  hatteries  has  heen 
practically  used  up,  that  is,  when  the  batteries  are  discharged, 
they  can  obtain  another  supply  of  energy  from  the  same 
commercially  economical  source. 

Secondary  Battery  Cars.^The  batteries,  which  have 
been  described  at  page  85,  arc  placed  underneath  the  seats, 
where  they  can  be  quickly  changed  from  the  outside.  The 
cells  arc  made  of  special  shape  to  fit  the  recess  they  have  to 
Occupy,  and  the  plates  and  acid  are  contained  in  lead-lined 
boxes  instead  of  glass  ones,  which  would  be  liable  to  be 
broken.  They  are  joined  together  in  sections  which  fit  into 
ie|>aratc  compartments.  At  the  sides  of  the  latter  are  solid 
;opper  contacts,  so  placed  that,  when  the  cells  are  slid  into 
position,  corresponding  contacts  on  each  section  make  firm 
onnection  with  the  car  contacts,  thereby  joining  uji  the 
ells  to  the  circuits,  which  are  under  the  control  of  the 
driver. 

The  replacement  of  the  discharged  cells  by  freshly- 
arged  ones  can  be  effected  in  a  time  not  greater  than  that 
juired  to  change  horses  in  a  horse-car.  The  car  is  run 
ctween  two  empty  shelves  placed  at  the  right  height,  and 
loors  at  its  sides  oi>encd  exposing  the  batteries,  which  are 
kly  slid  on  to  the  shelves.  The  freshly  charged  cells 
landing  on  other  shelves  are  then  either  raised  or  lowered 
ydraulicilly  to  the  jiroper  level  and  slid  into  their  places, 
utomatically  making  the  necessary  contacts  as  just  described, 
n  some  cases  other  methods  are  used,  in  which  the  car, 
tr  the  icniuval  »(  the  dibcluiiged  cells,  has  to  be  hauled 
,0  another  position  to  icceivc  the  charged  ones. 

The  next  step,  in  logical  sequence,  would  be  to  describe 
he  electrical  and  mechanical  details  of  the  transmission  of 
he  current  (rom  the  battery  to  the  motors,  and  the  arrangc- 
lent  of  the  latter  on  the  car.      These  details,  however,  ore 


iftfti 


7i8 


The  ELEcrmc  Cufkest. 


nuicli  the  same  in  principle,  whether  the  current  is  gcnente 
on  the  car  or  brouglit  to  it  by  external  conductors,  ar 
will  be  more  conveniently  dealt  with  after  the  dcscriplia 
of  the  various  methods  of  using  external  conductors  i^ 
the  supply  of  the  cleriric  energy. 

But  before  leaving  the  ijuestion  of  secondary  batteries  < 
trani<ars,  a  word  or  two  may  be  said  about  their  advantage 
and  disadvantages  as  compared  with  the  rival  systems, 
course  the  one  great  advantage  is  the  abolition  of  tk 
external  conductors  with  their  heavy  first  cost  and  all  th 
complications  attendant  upon  their  use  and  maintenanc 
There  is  also  the  saving  of  the  energy  lost  by  the  hcitiii 
of  these  long  conductors  with  the  heavy  currents  that  iun 
to  be  transmitted  when  large  numbers  of  cani  aie  to 
driven.  But  against  this  saving  there  has  to  tic  set 
usually  greater  loss  of  energy,  consequent  U]>on  iti 
transformation,  that  has  to  be  faced  in  the  cli 
subsequent  discharge  of  the  secondary  batteries.  Ih 
greatest  drawback,  however,  to  the  more  general  use 
secondary  batteries  for  trHm<:ar  propulsion  is  their 
weight  in  comparison  with  the  energy  which  they  store, 
perha|)S,  to  speak  more  accurately,  in  comparison  with  lb 
electric  power  which  they  can  steadily  generate,  or  wl 
they  may  be  r.illcd  upon  to  supply  in  frequent  emi 
This  heavy  dead-weight  adds  considerably  to  : 
weight  of  a  car,  even  when  filled  with  passengers,  and 
increases  the  power  which  has  to  be  spent  in  mo>ing 
car.  Could  the  weight  of  tlie  battenes  be  safely  reduced  ' 
a  fraction,  say  even  onefourih  or  one  third,  of  ifui  four 
necessary  with  the  cells  as  at  present  made,  there  wouk 
doubtless  be  a  wide  extension  of  the  use  of  ai>co<Klafy 
batteries  in  this  Jitectiun. 

Transmitted  Power  Tram-cars,-  Thesecond  mrth"*! 
\>l  supplying  the  necessary  electric  power  to  the  i 
the  iramcar  is  to  generate  the  elcctr--    •  •"- ^v  „,^^^^  ,.,i 
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tiltionary  engines  and  dynamos  at  some  convenient  point 
or  near  the  line  of  route,  and  to  convey  it  to  the  moving 
irs  by  fixed  conductors  running  parallel  to  the  rails.  With 
eg.ird  to  the  jjeneralion  of  the  electric  current  by  means  of 
tationary  engines  and  dynanK)s,  sufficient  has  been  already 
lid  ill  the  previous  sections  of  the  book  to  give  the  reader 
fair  knowledge  of  the  principles  involved  and  of  the  most 
iporunt  details.  The  outstanding  difTerenccs  between  a 
central  station  for  the  supply  exclusively  of  electric  power, 
and  one  for  the  supjily  of  electric  light,  are  entirely  of 
technical  interest.  Perhaps  the  one  i)oint  that  may  be 
mentioned  is  thai,  according  to  jjresent  practice,  the  pressure 

it  which  the  current  is  delivered  to  the  mains  for  traction 
rork  is  usually  from  400  to  500  volts. 
Turning  now  to  the  mains  or  condui  turs  themselves,  the 
cDeral   method  employed  is  to  carry  the  current  to  the 
notors   on    the   cars   by  a   single  insulated  conductor   or 
ystem  of  conductors,  and  usually,  but  not  always,  to  employ 
the  rails  on  which  the  cars  run  for  the  return  conductors  to 
Complete  the  circuit.     As  these  rails,  being  uninsulated,  are 
<ondurting  communication  with  the  earth,  part  of  the 
burrent  will  return  through  the  earth.     In  fact,  the  rails  and 
|he  earth  are  rondui  tors  in  i)arallel  circuit  (see  |jage  288) 
lith  one  another,  and  the  current  to  be  transmitteil  will  be 
livided  between  them  according"  to  the  usual  rule,  that  is, 
^vcr!.ely    as   their   respective   resistances.       Some  of   the 
Consequences  of  this  division  of  the  return  current  will  be 
Referred  to  later  on. 

The  metlnxls  of  running  the  insulated  conductor  may  be 

divided  into  two  chief  and,  from  a  constructive  standpoint, 

essentially  different  classes.     This  conductor  may  either  be 

overhead,  runnmg    alongside   or   over    the    middle  of  the 

ck,  or  it  may  be  a  conductor  on  or  in  the  ground,  but  of 

:)ursc  well  insulated,  between  the  rails.     The  first  method 

usually  referred  to  a-s  the  "  trolley  "  system,  since  a  little 
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overhead  trolley  has  to  be  dragged  along  the  wire  by  the 
so  as  to  pick  up  the  current  from  the  wire  l>y  means  of . 
sliding  or  rolh'ng  contact.  On  lines  where  the  tratlic 
heavy  it  is  not  possible  to  make  the  overhe;ad  wire 
sufficient  cross  section  to  carry  the  whole  current  re<]uiTej 
by  all  the  cars  th;it  are  out  at  once,  since  the  weight 
copper  to  be  suppoited  would  be  too  great.  When  this 
the  case,  armoured  cables,  or  other  kinds  of  buried  cunduc 
tors,  are  laid  alongside  the  track  and  connected  to  the  ovc 
head  "trolley  "  wire  at  suitable  "  feeding  "  points,  as  i 
are  called. 

The  second  method  above  referred  to  may  alau  be  i 
divided  into  two  classes.  In  one  which  is  m<jst  gcneradj 
used  lor  ordinary  tram  Imcs,  tiie  insulated  conductor  is  tail 
in  a  conduit  between  the  rails.  The  upper  cover  of 
conduit,  which  is  Hush  with  the  street  jiavemcnl,  is  sluttc 
so  that  a  trailer  from  (he  car  above  can  ]>ass  down  and 
make  some  kind  of  sliding  connection  with  the  insulates! 
conductor  within,  .\nothcr  method  is  to  have  the  insubtcd 
conductor  in  the  form  of  a  third  rail  between  the  other  two; 
but,  for  obvious  reasons,  this  cannot  be  used  in  the  cr(>K'l<.>t 
streets  of  a  town.  Its  use  is,  therefore,  confmed  to  un 
frequented  coimtry  roads,  to  piers,  &c,,  and  to  cnclft^cd 
railways. 

Trolley  Lines. — •\s  already  explained,  the  dUtiit{;ui!th> 
ing   feature   of  the   trolley  system,   and,  it   may  also  be 
remarked,  the  one  which  is  always  most  obtt     '     ' 
ncni    to  the   passeivby   in   the    .streets    throi 
lines  run,  is  the  stout  overhead  cop[>er  wire,  or  r«MJ,  >liii  .: 
from  i>ole  to  pole  along  the  line  of  route     The  car-  m: 
worked  electrically  in  (Kirallel '  with  one  another,  wo  that 
the  current  at  the  generating  end  of  the  line  at  ;i' 
is  the  sum  of  the  currenf;   whu  Ii   r.irh  >  nr  in    i 
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taking  at  that  inuincnt  Owinj;  to  the  heavy  nirrcnts  winch 
are  required  by  eai  h  niutor,  the  cimducting  wire  cannot  be 
of  the  slender  dimensions  of  an  ordinary  telegraph  or  tele- 
phone overhead  wire  ;  for,  though  such  a  wire  were  to  carry 

t»e  necessary  current  without  fusing,  or  even  getting  red- 
llot,  ihe  tall  of  pressure  along  the  line  ilue  to  the  con>bined 

Tects  of  its  higii  resistance  and  the    large  current  would 
so  great  as  to  make  the  whole  system  uneconomical  and 
inworkable. 

As  already  pointed  out,  the  use  of  buried  feeders  tends, 
^here  the  traffic  is  heavy,  to  diminish  the  size  of  the  over- 

cad  conductor.     Hut,  however  freely  feeders  may  be  used, 

\\c  trolley  wire  itself  is  bound  to  be  of  an  unsightly  size, 
'and  hence  has  raised  up  a  host  of  opponents  amongst  those 
whose  aesthetic  tastes  lead  them  to  conserve  the  amenity  of 
their  cities  or  towns,  at  the  cost  of  diminishing  the  facilities 

iir  cheap  and  rapid  intraurban   transit.      That  their  ob- 
rtions   are  not   altogether   fanciful   will   \k   admitted  by 
lyone  who  has  had  an  opportunity  of  seeing  the  state  of 
le    main    streets    in    many    large   towns    in   the    United 
^ites, 
'I'he  appcaranc  c  of  a  tram-car  on  a  line  where  a  trolley 
ire  is  used  is  shown  in  Fig.  359,  in  which  it  will  be  noticed 
that  the  wire,  and  the  mast  on  the  top  of  the  car  by  which 
le  current  is  conducted  from  the  wire  to  the  car,  are  some- 
jrhat  prominent  objects.      The  ])articular  car  illustrated  is 
ne  used  on  the   South    Siaflordshire   system,   which  was 
rected  by  the  Klcclric  Construction  Corporation  some  two 
three  years  since.     The  line  for  the  greater  part  of  its 
jingth  runs  along  country  roads,  so  that  some  of  the  objections 
the  use  of  a  trolley  wire  in  towns  do  not  hold.     In  this 
the  wire  is  a  rod  of  solid  copper  0*34  inch  in  diameter. 
ccdcTS  arc  freely  used  in  the  shape  of  heavily  armoured 
ibles,  buried  at  the  side  of  the  track  and  connected  to  the 
trolley  wire   through  suitable  fuses   at   half-mile    intervals. 
DU 
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The  supponing  posts  are  steel  columns,  with  neat  project 
arms  fixed  at  a  height  of  about  at  feet  above  llic  ran 


-  1  f«tii-4xr  wlLti  Cl^crticwl  'tnillajr  Wi 


The  non-engineering  min<l  is  s<"' 
ing  to  make  out  how  the  trolley  in 
support   the   conducting   wire.      The   mystery  »  a 
solved  when  it  is  explained  that  the  wire  is  suspended  wji- 
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the  rross-.irin,  and  iloes  nol  pass  ovor  it  as  in  the  case  of  the 
familiar  telegraph  wire.  Moreover,  the  trolley  consists  of  a 
little  gun-metal  wheel,  which  is  pressed  by  strong  springs 
firmly  against  the  lo-cer  surface  of  the  wire,  and  which 
therefore  luns  freely  under  the  cross-ami. 

To  make  this  explanation  quite  clear  to  our  readers  we 


Fig,  j6a  — liitiiliitor  wild  trolley  Wire. 


Fig.  361.— Scciion  ariiuuUior 


give  in  Figs.  360  to  362  details  of  the  principal  parts.  P'ig. 
360  is  a  .side  view,  pamllel  to  the  wire  a  a  of  the  insulator, 
as  it  hangs  down  from  the  supporting  arm,  whilst  Fig.  361 
is  a  cross-section  at  right  angles  to  the  wire  of  the  same 
insulator.  It  will  lie  noticed  that  the  wire  aa'\%  supported 
by  a  kind  of  stirrup  attached  tu  the  bolt  I!.  This  bolt  is 
embedded  firmly  in  the  insulating  material  I,  which  fills  the 
inside  of  the  inverteil  bronze  cup  C,  and  this  cup  in  its 
turn  is  firmly  damped  to  the  projecting  cross-arm. 
u  u  2 
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higs.  362  and  363  show  ilic  details  of  ilic  top  and  b<»lioM 
of  the  flexible  mast  which  is  attached  to  the  car.  la  Fig 
362  ihe  letters  C  and  a  refer  to  the  same  parts  of  the  in 
sulator  and  wire  as  in  Fig.  360.  The  trolley  wheel  \V^ 
made  of  gun-metal,  and  2  J  inches  in  diameter,  is  fixed  in  1 


FU.  lAt.  -Trolley  Wheel  in  Contact  with  Cojuluclnr, 


block  B,  which  canies  a  pin  />,  turning  freely  in  a  support,^ 
as  shown,  on  the  loi)  of  the  mast  M.     The  lower  end  of  iht 
mast  (Fig.  363)  is  jointed  at  J  to  an  upright  rod  R,  wliic 
dro|i8  into  a  hollow  post  fixed  to  the  roof  of  the  mr.     An 
A    i  fiiini   this   f.' 

,       e    S,  the  oth-  • 


CoNDVi  r  Lines, 


'mast  M   at  some   little  distance   from   the  joint  j.      The 

mast  is,  therefore,  a  long  lever  with  ver>'  unequal  arms,  the 

fulcrum  being  at  J,  and  the  iiull  of 

the  springs  being  brought  on  at  only 

a  little  distance  from  J.     From  the 

freedom  with  which  both  the  mast 

and  the  trolley  wheel  are  mounted, 

they  can  easily  follow  ihe  overhead 

wire   in    its  varying  positions  rela- 
tively to  the  top  of  the  car.     The 

mast  is  also  flexible,  and  therefore 

s()rings   upward    where    the    trolley 

wire  is  a  little  farther  away  than  the 

average,  being  pressed   back  again 

where    the    wire    once    more    ap- 
proaches. 

There   are   other    ways    of    de- 
signing the  trolley  wheels  and  the 

flexible  mast  and  theii  connections, 

but  the  general  principles  involved 

are  much  the  same,  and  the  above 

example  will   perhaps  be   sufficient 

to  illustrate  them. 

Oooduit  Lines.— That  the  un- 
sightly trolley  wire  is  not  an  absolute 

necessity    is    shown    in    Fig.    3O4, 

which  illustrates  some  of  the  details 

of  a  system  designed  by  NJr.  Love, 
•  and  first  used  on  the  North  Chicago 

Street  Tramways  at  the  end  of  1891. 

In  fcystems  of  this  type  some  kind  of 

covered  conduit  or  trough,  in  which 

the  insulated  conductor  or  conductors  arc  placed,  is  laid 

between  the  rails  throughout  Ihe  whole  length  of  the  track. 

Tlic  upper  cover  of  the  conduit  is  flush  with  the  street,  but 
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is  slotted  parallel  to  tlie  rails,  so  Ihnt  some  kind  of  trailti 
ami,  projecting  from  un<!erncatli  the  car  as  it  |»a.-«i«:-s  aion| 
slides  in  the  slot  and  in:ikes  connection  wiili  the  <  unductoii 
within. 

In  Fig.  364  the  conduit  consists  of  a  long  cast- 


"-•.^* 
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trough  iield  in  place  by  stays  projecting  from  the  nih 

either  side.     °l'be  (0|i  of  the  trough  is  covered  with  lengUu 

of  rolled  steel,  so  designed  th.ii  they  ■     ■■ 

and  icpliiLcd  whenever  it  is  divind  rii 

conduit  for  any  purpose.     The  em, 

supported  inside  the  trough  by  iiisuiaiut^   t:  ruiytn 
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attached  to  brackets  wliith  projcLi  from  either  side  just 
utidcmenth  the  stt-el  covers.  These  steel  covers  have  deep 
flanges  on  the  edges  next  to  the  slot  for  the  purpose  of 
preventing  mischievous  persons  from  tanipering  with  the 
wires,  which  are,  of  course,  bare,  by  [poking  sticks,  &c., 
through  the  slot. 

'I'hc  sliding  connector  by  which  ti)e  current  is  taken  to 
and  from  the  car  is  shown  in  the  figure  detached  from  the 
car  so  that  the  details  may  be  more  clearly  seen.  The 
upright  part  U  consists  of  two  sheets  of  metal,  insulated 
from  one  another,  and  respectively  in  conducting  com- 
munication at  their  lower  ends  with  the  two  wheels  which 
roll  underneath  the  conductors.  The  current  passing  from 
the  wire  to  one  of  these  wheels  travels  up  the  plate  on  that 
side,  passes  through  the  motor  on  the  car,  and  returns  to 
the  other  wire  by  the  plate  and  wheel  on  the  other  side. 

Jn  the  system  just  described  M/i  conductors  are  in- 
sulated, but  in  many  conduit  systems  the  conduit  encloses 
only  one  insulated  conductor,  the  rails  and  earth  being  u.sed 
to  complete  the  (ircuit  .is  in  the  trolley  systems.  The 
use  of  only  one  insulated  wire  simijlilies  the  details  of  the 
S}.stciu,  and  cheapens  the  cost  of  construction,  but  electric- 
ally it  is  much  less  perfect  than  the  use  of  two  wires,  and 
moreover  an  uninsulated  return  path  may  cause  disturbances 
on  neighbouring  telegraph  and  telephone  circnil.s. 

As  coinjured  with  trolley  lines,  the  conduit  lines  are 
obviously  more  costly  to  lay  down  in  the  first  instance,  and 
also  to  maintain  in  proper  working  order.  lor  theionduits 
are  liable  to  become  choked  up  with  dirt  and  dust  from  the 
road,  as  well  as  to  be  filled  with  rain  water.  They  must, 
therefore,  be  continually  under  carefiil  supervision,  and  be 
<  leansed  at  fr«.(|uenl  intervals.  To  diminish  the  cost  of 
luaintciiance  to  .some  extent,  conduits  have  been  devised 
witli  a  flexible  cover  fitting  over  the  slot ,  this  cover  is 
lifted  by  the  car  and  relaid  again  as  it  passes.     In  any  case. 
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however,  the  cost  of  keeping  the  conduit  in  order  must 
a  serious  item. 

The  other  method  of  laying  the  conductor  underne 
the  car  instead  of  carrying  it  overhead  is  partly  illu&trated  in 
Fig.  365,  which  shows  one  of  the  Klectric  Tram-cars  im  thd 
pier  at  Soulliend.     In  this  method,  as  already  explamcil, 
third  conducting  rail  pro|>erly  insulated  is  laid  iK-tvrcen 
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two  runnm^  rails  .it  very  nearly  the  same  level.      A  cont 

brush  attached  t«i  an  arm  projecting  from  the  car  rub»  on 

the  top  of  this  mil  and  carries   the  <  urn-nt   to  tli' 

whence  it  returns  to  the  generating  station  l>\  ih« 

rails  and  e^nh.    Anyone,  therefore,  touching  the  iiuublc 

rail  is  liable  to  receive  an  clertrir  shock  ;  but  ft^ 

accounts  of  any  o<curreiu es  of  thi»  kind  hav> 

ver)'  highly  rolourcd.     Still,  the  inconvenience  t»  <uti 

111  iisiiKi    (111-  M!..' iif  til.    method  !<'  ■  '-I'  v^.-fi'   'hf 
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he  com[tletely  enclosed,  such  as  that  shown  in  the 
gure,  or  more  especially  to  railwjiys,  in  connection  with 
hich  more  details  will  \vi  given. 

Wc  cannot,  however,  leave  this  part  of  the  suljject  with- 

lui  referring  more  fully  to  the  use  of  the  running  rails  and 

he  earth  for  the  compk-tion  of  the  return  circuit.     Such 

se  must  give  rise  to  large  currents  in  the  earth  ;  the  paths 

f  these  currents  cannot  be  restricted,  but  may  spread  out 

to  a   considerable  distance  from    the   line.     The  currents 

may,   therefore,  find  tiieir  way   into   neighliouring  circuits, 

pccially  if  the  latter  are  also  using  earth  returns.     Where 

hese  circuits  are  already  carrying  heavy  currents  no  serious 

disturbance  need  be  a|)i)rchended.     Hut  where  the  currents 

scd  ate  small,  and  the  instruments  in  circuit  are  delicate 

nes,   serious  conseiiuenc:es  may  ensue.      Thus  telephone 

ircuits  may  be  rendered  completely  useless,  because  the 

rts  depended  upon  are  produced,  as  we  have  seen,  by 

inule    variations   of    the   currents    employed,    and    these 

variations  will  be    completely  masked   by  even  a  small 

fraction  of  the  tramline  current  passing  along  the  wires, 

nc  obvious  remedy  is  for  the  tele()hone  [leople  not  to  use 

earth  return,  which,  though  cheap,  is  objectionable  (see 

ge  640)   from  other  iioinls  of  view.     But  naturally,  as  is 

e   rase   in    many  English    towns,  a   telephone  company 

liich   has  already  established  a  coniplete  system,  working 

iriy  satisfactorily  with  some  hundreds  of  circuits,  docs  not 

ke  to  have  all    its  circuits   rendered   inoperative  by  the 

jiearance  of  a  later  comer  in  the  foiin  of  a  tramway  com- 

ny.     The  question  of  "Clicap    Trai  lion  fw//.i  Defective 

ele|»honc  Systems  "  is   therefore  already  a   burning  one, 

is  likely  to  become  more  so  in  the  immediate  future. 

nether  objection  to  ihc  use  of  an  earth  return  for  heavy 

irrunts  i&  that  gas  and  water  pipes  into  which  the  current 

mds  its  way  may,  and  d(»,  become  corroded,  especially  at 

c  joints  where  eiecirolytic  actioa  is  set  u[>. 
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Molor  Trucks  and  Cars. —  Having  shown  how  tbc  i 
rent  may  be  brought  to  ilie  tar,  the  ne>l  point  is  to  xas\ 
clear  how  it  is  used  thereon.  The  primary  object  o(  il| 
electrical  arrangements  is  to  pass  the  current  through  ti| 
motors  which  are  placed  underneath  the  (loot  of  the  ca 
and  geared  in  some  way  to  the  axle  of  the  runnini*  wheel 
The  space  available  for  the  motors  is  ver)'  limited,  an 
therefore,  although  any  good  continuous  current  dyna 
will  run  as  a  molor,  S|)ecially  designed  motors  arc  requ'ir 
to  s;itisfy  the  ]>cculiar  conditions.  Two  l)pc;»  of  ' 
already  lieen  described  (|>ages  701  to  703  in  tl 
devoted  to  motors),  and  an  examination  of  Figs.  354  and 3] 
will  give  the  reader  a  general  idea  of  how  the  molor 
placed  beneath  the  car.  In  each  Ijgurc  part  of  the  runnin 
axle  is  shown,  and  it  will  be  noticed  that  the  anJc  c-vri* 
part  of  the  weight  of  the  motor ;  the  remainder  of  ill 
weight  is  taken  up  by  an  attachment  cither  to  the  llnor  1 
the  lar  above,  or  to  a  bogie  frame  in  which  the  whole  < 
the  running  machinery  is  fixed, 

One  anangement  of  the  motors  underneath  and 
from  the  floor  of  the  car  is  shown  in  l-'ig.   jfifi,  which  rcpr 
senis  in  side  elevation  and  plan  the  position  of  the  motui 
as  designed  by  Mr.  Holroyd  Smith  for  the  Bradford  electric 
tram-cars.     In  this  case  the  shaft  of  the  motor  cjriies  a 
worm  wheel,  as  shown  nt    W.  which  gears  directly  int«i  a 
toothed   wheel  fixed  on  the  running  axle.      Tht;  line*  «» 
«,it,  of  the  armature  a.xlcs  therefore  run  fore  and  ;iii  ai 
regards  ihc  car,  instead  of  transvetscly,  as  in  the  iii<> '   ■ 
previously  described.     Of  these  armatui       ■' 
but  there  are  only  two  sets  of  lield-ni.i. 
with  polc-picccs  at  either  end,  between  which  the  a/maiMn^ 
rcvolw.     The  arrangement  shows  how  adaptable  iht  |.'in 
ciples  we  have  discusxed  are  to  Ihc  .-ipciul  exipenoc*  i«t,i.:ii 
may  arise  in  their  application!..     It  may  br 
note   thai  with    .1    lirnki   l.sl    tti.-   riiolor;   :inil 
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Ironibincd  eftkit-ncy  of  65  per  ( cnt.,  which  is  an  extremely 
[satisfactory  result. 

Another  method  of  atiai  liing  ihe  motors  to  a  separate 
Iframe  on  which  the  car  is  liuilt  is  sljown  in  Fig.  367, 
[which  represents  a  "  Motor  Truck  "  very  widely  used  in  the 
[United  States.  The  arrangement  of  the  motors  ran  be 
Iclearly  seen,  as  well  as  the  tootlied  gearing  by  which  the 


blowing  Mottirs, 

notion  oi  the  armature  is  transmitted  to  the  running  axles, 
'I'lie  reduction  of  speed  is  made  in  two  steps.  Referring  to 
the  right-hand  motor,  it  will  be  noticed  that  the  from  end 
of  the  armature  axle  carries  a  |>inion  which  i^ears  mto  a 
large  toothed  wheel.  The  axle  of  this  wheel  passes  between 
the  field-magnet  limbs,  and  in  its  turn  carries  a  pinion  on 
the  other  side,  which  directly  engages  another  large  toothed 
wheel  fixed  on  the  running  axle.  In  this  way  the  high 
speed  of  the  armature  is  reduced  at  the  running  axle  to  the 
ordinary  speed  of  rotation  reiiuired  for  tram-car  work. 
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There  arc  inimy  uthcr  ways  in  which  the  problem  lias  Ijeen 
successfully  solved,  luil  the  above  two  examples  will  give 
the  reader  a  good  idea  of  ihe  general  irertd  of  the  solutions, 
The  motors  and  their  commutators,  Ike,  must  in  all 
coses  be  so  protected  that  mud  or  dirt  cannot  get  to  the 
running  |iarts,  and  enclosed  so  that  when  necessary  a  hose 
can  l)e  brought  to  play  upon  them  without  danger  of 
weakening  the  electrical  insulation  of  the  various  circuits. 

Switching   Arrangements.- -Perhaps  the  most  in- 
I  teresting  delails   in  connet  lion  with  tram-car  work  are  the 
arrangements    for  switching   the   current   on   and   oiT  the 
motors.      Certain   well-defined    and    interesting    electrical 
principles,  not  well  understood  by  the  ordinary  public,  have 
to  be  kept  clearly  in  view.     Of  these,  the  chief  is  the  fact 
I  that  when  a  motor  armature  is  standing  still  it  is  merely 
a  dead  resistance  of  copper  wire,  and  moreover  an  extremely 
!  low    rcsisUinre.      Conse(]uently    if    full    pressure    be    put 
[  directly  on   to  this  resistance  there  will  be  an  enormous 
flow  of  current,  since  the  mains  will  be  very  nearly  short- 
circuited.     There  is  one  advantage  in  this  heavy  current,  in 
that  it  gives  a  maximum  torque  or  turning  effort,  which  is 
exactly  what  is  rc(|uircd  at  the  moment.      But  as  the  arma- 
ture Ijegins  to  turn,  and,  almost  proportionally  to  the  speed 
[at  any  time,  a  back  E.M.F.  or  pressure  is  introduced  into 
the  circuit  which  will  cut  down  the  current  and  eventually 
at  full  speed  bring  it  to  its  proper  value.     But  what  is  to  be 
I  done  during  the  interval   whilst  the  speed  is  below   the 
I  maximum?     Obviously  the  large  current  above  referred  to 
I  cannot  be  allowed  to  How,  for  serious  consequences  would 
certainly  follow. 

'l"he   difficulty  is   partially  met    by  using   series-wound 

ijotors  {see  page  216),  that  is,  motors  in  which  the  field- 

Irnagnei  circuits  ate  in  series  with  the  armature.     In  this 

|way  the  armature  can  never  be  placed  as  a  single  resistance 

scross  the  mains.     But  this  of  itself  is  not  sufficient.     The 
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further  arrangements  depend  upon  the  way  in  which  tR 
electric  power  is  supplied. 

In  accumulator-cars  the  initial  pressure  can  \ve.  rc*lucc 
and  al  the  same  lime  a  larger  current  safely  supplied 
splitting  up  the  liattery  into  sections,  and  joining  th«n 
sections  in  parallel  instead  of  in  series  (^rr  pages  664  io66f»)i 
Accordingly  the  starting  switch  is  so  arranged,  that  when 
the  car  is  standing  or  ruiuiing  slowly,  the  sections  are  more 
or  less  in  parallel,  As  the  s()eed,  and  therefore  tl»e  badk- 
pressure  of  the  motors  increase,  the  switch  is  inovc<l  ovc 
putting  the  sections  more  in  scries  until  tlnally  at  full  s(h 
all  the  sections  are  in  series. 

In  trolley  and  conduit  lines  the  full  pressure 
on  the  mains,  so  that  other  methods  must  l)e  aij.  ^ 
reducing  the  pressure  at  the  armature  terminals  at 
s])eeds.  By  far  the  most  convenient  is  to  use  a  dead  wire 
resistance,  the  whole  of  which  is  thrown  in  at  the  ninmcr 
of  starling,  and  which  is  taken  out  of  circuit  in  sections,  hy 
moving  the  switch  as  the  speed  increases.  Tlie  method  ia 
very  wasteful,  as  the  dead  resistance  alisorbs  the  cleclrid 
energy  by  turning  it  into  heat  which  cannot  he  utilised,  thoui^ll 
proposals  iVavc  been  made  to  heat  the  car  with  it  in  wintcti 

Where  there  is  more  than   one  motor,  an   sddUic 
regul.ition   for  varying  speeds  can  be  ohtaine<l  li. 
the  motors   in  series  or   paralleL     The  ma.viumih 
efTort  is  required  when  the  car  is  being  started  up  a  Me 
gradient,  and  from  this  to  running  freely  down   the 
gradient  all   possible   variations   in   the  anuiunt  of  (lOWC 
demanded  may  I)C  cx|)cricnccd.     The  arr 
with  the  motors  shown  on   Tig.  366  aic  ..  ^ 
represented  in  Kig.  368.     The  first,  in  which  all  the 
lures  are  "  in  series,"  is  for  ordin.iry  tunning.     Tli 
mediate  "  connections  arc  for  heavy  tunning  or  cas. 
whilst  the  armatures    arc   put   "all   in   parallel 
heaviest    V       \--  Miis  way  the   total  lutnbg  khuh 
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orlli  I  an  l>c  varied  through  wide  limits.  In  each  case  it 
should  be  noticed  that  a  resistance  is  placed  in  series  with 
the  armatures.  \  fiirtlier  regulation  is  possible  by  having 
the  field-magnets  wound  in  sections,  and  coupling  these 
up  in  various  ways. 

But  there  is  the  interesting  <|ucstion  of  "reversing."  A 
little  ton.sidt-ration  of  the  electromagnetic  phenomena  upon 
which  the  action  of  the  motor  depends,  will  show  thai  a 
reversal  of  all  the  currents  will  not  reverse  the  direction  of 
rotation  of  the  armature,  since  it  will  leave  the  interaction 
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Fir.  568. — Diagnounaik  ArnmgemeDi  of  Motor. 


of  the  magnetic  fields  due  to  the  currents  in  the  armature 
and  field-magnets  the  same  as  before.  The  reversing swifi/i 
has  therefore  to  be  arranged  so  that  it  reverses  the  current 
cither  in  the  armature  or  in  the  field-magnets,  but  not  in  both. 
Lastly,  there  is  the  possibility  of  using  the  motors  as  a 
brake  to  bring  liic  car  (juickly  to  rest.  To  do  this  when 
the  car  is  running  at  full  S]>ced,  all  that  is  necessary  is  to 
first  switch  off  the  driving  current  and  then  either  short- 
circuit  the  armature,  which  may  be  dangerous  because  of 
its  low  resistance,  or  close  the  circuit  through  a  suitable 
resistance.  In  either  case  the  armature  will  at  once  act  as 
a  dynamo  annature,  absorbing  mechanical  energy  and  con- 
verting it  inlf)  electric  energy.  As  the  mechanical  energy 
used  is  taken  from  the  energy  of  the  mo\ing  car,  the  latter 
is  quickly  brought   to  rest.     Of  course,  in  making  these 
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further  arrangements  depend  upon  the  way  in  whicJi  (t 
electric  [viwcr  is  supplied. 

In  accumulator-cars  the  initinl  pressure  can  be  reduc 
and  at  the  same  time  a  larger  current  safely  supplied 
splitting   up   the  battery  into   sections,  and    joining   the 
sections  in  iwrallel  instead  of  in  series  (i^<- pages  664  to  66fiJ 
Accordingly  the  starting  switch  is  so  arranged,  that   irhd 
the  car  is  standing  or  running  slowly,  the  sections  are  nio 
or  less  in  parallel.      As  the  s[K:cd,  and  therefore  the  I 
pressure  of  the  motors  increase,  the  switch  is  moved  ovcrj| 
putting  the  sections  more  in  series  until  finally  at  full  sjk 
all  the  sections  are  in  series. 

In  trolley  and  conduit  lines  the  full  pressure  is  alwaj 
on  the  mains,  so  that  oilier  methods  must  be  adopted 
reducing  the  pressure  at  the  armature  tcmiiiials  at 
speeds.     By  far  the  most  convenient  is  to  use  a  dead  wir 
resistance,  the  whole  of  which  is  thrown  in  at  the  niume 
of  starting,  and  which  is  taken  out  of  circuit  in  sectioru,  \<Kf 
moving  the  switch  as  the  speeil  imrcases.     *ihe  method  '^ 
very  wasteful,  as  the  dead  resistance  absorbs  the  ciccti 
energy  by  turning  it  into  heat  which  cannot  be  utilised,  thnug 
proposals  have  been  made  to  heat  the  car  with  it  in  winierJ 

Where  there  is  more  than  one  motor,  an  addiiitina) 
regulation  for  varying  speeds  can  be  obtained  by  pt.u  in. 
the  motors  in  series  <»r  parallel.  The  maximum  tut.  1  .1. 
effort  is  required  when  the  car  is  being  started  up  a  «e 
gradient,  and  from  this  to  runninjj  freely  down  the  «ir 
gradient  all  possible  variations  in  the  amount  i\(  p<m( 
demanded  may  be  experienced.  The  atr 
with  the  motors  shown  on  Fig.  366  ai' 
represented  in  Fig.  368.  1'hc  first,  in  which  all  the  lunu- 
tures  are  "in  series,"  is  for  ordinary  nmning.  Tli 
mediuic  "  connections  are  for  heavy  tunninjr  or  ea-.'. 
whim  the  armatures  arc  put  "all  in  parallel'  lor  the 
heaviest   work.      In  this  way  the   total  turning  effort  i"'' 
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^■orth  tan  l)c  varieil   thruiiyh  wide  limits.     In  each  case  il 

^V  should  be  noticed  that  a  resistance  is  placed  in  series  with 

.    the  annatures.     A  further  regulation  is  possible  by  having 

the  field-magnets   wound   in    sections,  and  coupling  these 

up  In  various  ways. 

But  there  is  the  interesting  question  of  "  reversing."  A 
little  consideration  of  the  electro-magnetic  phenomena  upon 
which  the  action  of  the  motor  depends,  will  show  that  a 
reversal  of  all  the  currents  will  not  reverse  the  direction  of 
rotation  of  the  armature,  since  it  will  leave  the  interaction 
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of  the  magnetic  fields  due  to  the  currents  in  the  armature 
and  field-magnets  the  same  as  before.  The  reversing  switch 
has  therefore  to  be  arranged  so  that  it  reverses  the  current 
either  in  the  armature  or  in  the  field-magnets,  but  not  in  both. 
Lastly,  tlierc  is  the  possibility  of  using  the  motors  .is  a 
brake  to  bring  the  car  (luickly  to  rest.  To  do  this  when 
the  car  is  running  at  full  speed,  all  that  is  necessary  is  to 
first  switch  off  tlie  driving  current  and  then  either  .short- 
circuit  the  armature,  wliich  may  be  dangerous  because  of 
its  low  resistance,  or  close  the  circuit  through  a  suitable 
resistance.  In  either  case  the  armature  will  at  once  act  as 
a  dynamo  armature,  absorbing  mechanical  energy  and  con- 
verting it  into  electric  energy.  As  the  mechanical  energy 
used  is  taken  from  the  energy  of  the  moving  car,  the  latter 
is  {{uickly  brought   to  rest.     Of  course,  in  making  these 
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cliant;cs,  the  field  magnets  sliould  lic  kept  cncrijised  ,  ami 
therefore,  as  series- wmind   motors  are  ai   present    :ii 
universally  employed  for  traction  work,  tWs  fonikt  atti'nij 
the  armature  is  not  easily  ulilised. 

Electric  Railways.     Under  this  h. 
to  refer  to  schemes  \vhi(  h  more  nearly  a,  , 
importance^  and  the  character  of  and  inethixl  of  wotftj] 
the  traffic,  to  the  functions  of  a  steam  i.p  In 

the  more  lowly  tramway.     In  the  Unitt 
applied  to  the  meanest  tram-line,  provided  onlf  H  Uel 
electrically.      These   glorified    tram-lines    ar< 
numerous  it»  the  Stales,  but  of  true  elcctri<^  rr 
sense  in  which  the  term  is  employed  in 

comparatively  few.     The  two  classes,  h. 

one  another,  and  it  must  l>e  admitK^d  that  it  if  IN 
to  draw  a  hard  and-fast  line. 

The  first  electrically-worked  line  in  these  isb 
approximating  to  a  "railway  "  w.ts  tlie  Pfirtnwlj 
mills  line  in  the  north  of  Ireland.     This  liri 
miles  long,  was  constructed  in  1S82  under  (I 
Dr.   Siemens  and  Mr.  Traill.     The  soiirrej 
waterfall  on  the  river  Uush,  which  i:t  used  (C 
turbines  which  drive  the  generating  dytvainc 
is  taken  to  .a  raised  insulated  rail  n'  ^ 
the  running  rails,  from  which  it  i»  ; 

steel  brushes  and  passed  on  to  the  motors,  wlj 

by  the  uninsulated  running  rails. 

'I'he  above  line  is,  at  the  best,  but  o  "^ 

The   work   of  heavy   electric   railway   t 

United  Kingdom  was  really  innDgunitcd  •>, 

the  City  and  South  (.ondon  Railway  in  Nd 

Although  this  line  is  ■  '  ft 

in  the  English  sense  01  1       ■  io( 

stations  wiUi  proper|>laifonns,and cots  ;ind  ( 

rails  and  tracks  ate  similar  to  thwie  HKd  on  o>1 
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Karh   train    is  drawn    by  a  sciKirate  locomotive  as  ill 
ordinary  railway  working.     One  of  these,  as  ronstriicfcd  bjj 
Messrs.  Mather  and  Plait  from  the  designs  of  Dr.  Ho|>kir 
son,  is  shown  in  Fig.  369.    The  general  arrangement  differ 
from  that  which  has  been  described  for  tram-car  work  in  ilia( 
the  motor  armatures  are  built  upon  the  a.xles  of  the  runnini 
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wheels,  lliiis  avoiding  all  gearing,  with  its  r«>ni(ilicali<ins  :tr 
loss  of  power.     The  lield  magnets  are  very  nmssive,  tind  nr 
placed  in  an  inclined  position  as  shown,  being  .'(uptiDrtc4 
|iartly  by  the  frame  of  the  locomotive  and 
wheel  axle.      The  motors  arc  series-wound,  .1  ij 

electric  traction  work,  andrevers.1l  of  the  motion  rs  ctTccw 
by  means  of  a  sjiei  iai  switch  which  reverses  the  <  1 
the  armature,  leaving  that  m  the  field-mngnels  uoi  i 

Ivich  locomotise  weighs  aboni  10  Ions,  and  can  excn 
tractive  pull  of  3.000  lbs.  when  tunnmg  A\  a  Kpccil  of  »\ 
miles  |icr  hour ;  at  this  Bpced  the  armature  nma  at 
revolutions  per  minute      A  ir.iin  cun«ists  of  a  I<| 
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and  three  carringes,  cartying  aljoul  loo  passengers.  The 
carriages  are  eleclrically  lighted  by  glow-lamps  siippi  ed 
with  current  from  the  [Mjwer  mains.  It  is  curious  to  observe 
how  these  l.inips  suddenly  become  dim  when  the  current  is 
first  .switched  on  to  the  motors  of  a  train  standing  still. 
The  ex|)l3nation  lies  in  the  iihenomena  previously  referred 
to,  namely,  the  absence  of  a  back  pressure  or  E.  M.F.  in  the 
stationary  armature,  and  the  conse(|uent  heavy  rush  of 
current  on  closing  the  circuit  Notwithstanding  the  inter- 
|>osition  of  resistances  to  reduce  the  efl'ect,  the  current  taken 
is  sufficiently  great  to  appreciably  reduce  the  potential 
difference  between  the  mains  at  the  point  .-iffected,  and  this 
reduced  P.D.  is  at  onte  shown  by  the  dimly  glowing  lamps. 
As  the  speed  increases  and  the  P.D.  resumes  its  normal 
value,  the  lani|>s  return  to  their  proper  brilliancy. 

'I'hat  the  City  and  South  London  Electric  Railway  is  a 
f)opular  success  is  proved  by  the  fact  that  it  carries  b\ 
millions  of  passengers  [ler  annum.  During  the  busy  parts 
of  the  day,  morning  and  evening,  i6  or  17  trains  per  hour 
arc  run  in  each  direction,  the  total  number  of  train-miles 
per  annum  lieing  about  450,000,  at  a  running  cost  of  6'2 
(lence  per  mile.  Notwithstanding  these  evidences  of  success, 
the  dividends  .ns  yet  paid  to  the  shareholders  have  not  been 
very  large,  one  cause  probably  being  that  the  line  is  entirely 
isolated,  and  has  no  traffic  connections  with  the  railway 
systems  of  the  country. 

The  other  example  of  heavy  railway  electrical  engineer- 
ing in  this  counlf)'  is  the  l.iveri'ool  Overhead  Railway,  a  line 
which  runs  for  over  five  miles  along  the  line  of  docks  at 
Liverpool.  As  will  be  seen  by  reference  to  F''ig.  370,  which 
represents  one  of  the  stations,  this  line  has  .ill  the  api)earance 
of  an  ordinary  railway  line,  the  only  notable  difference,  at 
least  till  a  train  comes  into  sight,  being  the  presence  of  the 
insulated  third  rail  lying  between  the  other  two.  It  was 
opened  for  traffic  in  March,  189J. 
v  v  J 
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'I'he  line  IS  Ijiiilt  alninsl  fiuirely  of  iron  and  sieel,  and 
consists  of  an  arched  plate  llooring  resting  on  nmin-girdcrs, 
which  are  supported  l»y  vertical  rolunms.  No  ballast  is 
used.  There  is  one  swingbridge  which,  when  o|(ened, 
allows  shipping  to  pass  into  a  doi  k  on  the  land  side  of  the 
line,  and  there  are  also  two  or  three  tilting  bridges  which 
can  be  raised  to  allow  of  the  passage  of  specially  bulky 
traffic  across  the  road  below. 

'I'he  power-station  is  placed  near  the  centre  of  the  line, 
and  contains  four  com|Hiiind  horizontal  steam  engines,  each 
capable  of  giving  400  horse-power  at  a  speed  of  too  revolu- 
tions per  minute.  l-2ach  of  these  drives  by  means  of  ropes 
an  F.lwell  Parker  djnaino  which,  when  running  at  a  speed 
of  400  revolutiun.s  )«cr  luinute,  can  give  a  current  of  475 
amperes  at  500  volts.  The  dynamos  are  shunt-wound,  and 
have  a  double  magnetic  circuit  similar  to  that  shown  in  I'ig.  1 29, 
but  in  this  case  the  magnets  are  vertical  instead  of  horizontal. 

I'roin  the  dynamos  the  current  is  taken  to  a  simple 
switchboard  which  admits  of  all  the  dynamos  being  coupled 
together  in  jiarallel,  so  that  if  retjuired  a  current  of  i.goo 
amperes  at  a  pressure  of  500  volts  could  be  supiilied  to  the 
line ;  but  with  twelve  trains  running  the  average  current 
reipiired  is  only  about  700  amperes,  and  the  maximum 
current  about  1,050  amperes,  This  v.iriation  in  the  current 
is  due  to  the  large  current  rcijuired  by  a  motor  at  the 
moment  of  starting,  as  already  explained.  The  ])ercentage 
of  variation  in  the  current  taken  by  a  [wrticular  motor  is,  of 
course,  much  greater  than  is  indicated  by  the  above  figures, 
but  since  all  the  trains  are  not  starting  at  the  same  instant 
the  percentage  variation  shown  by  the  ammeters  in  the 
power-house  is  greatly  reduced.  The  influence  of  the 
numlHTT  of  trains  in  smoothing  down  the  v.iriation  is  curious 
and  interesting.  Thus  with  seven  trains  the  maximum 
current  is  100  per  cent,  greater  than  the  average,  whilst  with 
iweh'e  (rains  it  is  only  50  per  cent,  as  above  given. 
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and  on  a  larger  scale  in  Fi^.  372.  This  rail  is  made  of  a 
sjiccial  kind  of  steel  which  has  hiyh  conductivity  as  com- 
jwired  vvitli  other  qualities  of  steel,  but  does  not  approach 


Fig.  371.- Section  khowinx  Po«Uion  of  Mid-Rail, 


copper  in  this  respect.  The  cross-sectional  area  of  this 
conductor  is  four  square  inches,  and  it  rests,  with  a  sheet  of 
lead  L  interposed,  on   porcelain  insulators  P,  su()j)ortcd  I)y 


^ifi-  37'.— M'JunliiiK  inj  I 


bpecial  cross-bearers  B  and  C.  The  special  cross-bearers  are 
rendered  necessary  because  the  ordinary  cro.ss-sleepers  are 
not  use<l  to  support  the  trnlfic  rails  R  R,  which  are  run 
f(/)  longitudinal  slccjiers.  a  .system  originally  advocated  by 
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BmiK-I,  and  largely  used  on  the  Great  Western  Railway. 
The  working  surface  of  the  conductor  is  seven-eighths  of  an 
inch  above  the  level  of  the  traffic  rails,  in  order  that  the 
sliding  shoe  which  picks   up  the  current  may  pass  safely 


r 
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Fig.  373. — Conducting  Joints  on  .SiccI  kjil 

over  the  latter  at  the  crossing  points.  This  is  necessary 
because  the  traffic  rails  arc  used  to  complete  the  return 
circuit,  and  if  (he  slider  were  to  touch  hotli  at  the  same  time 
it  would  practically  short-circuit  the  dynamo.-;,  with  disastrous 
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y*t-  j'4''  SIMlnm  Mlodi  for  flcldng  ii|i  the  (.'umnt. 

consequences.  To  diminish  the  resistance  of  the  insulated 
conductor  the  joints  are  carefully  bridged  by  copper  strips 
TT  (I'ig.  .^73),  the  ordinary  rails  SS  also  l)eing  electrically 
jointed  together  to  diminish  the  resistance  of  the  return  path 
The  current  is  picked  up  frcmi  the  insulated  conductor 
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by  a  massive  cast-iron  block  or  shoe  hinged  to  an  insulated 
suj>porl  carried  by  the  jjogie  frame  as  represented  in  Fig.  374. 
In  or<]cr  thai  the  hinge  may  not  introduce  resistance  mto 
the  circuit,  it  is  electrically  bridged  by  the  short  flexible 
cables  shown  in  the  figure.  From  the  shoe  the  current  is 
led  through  the  necessary  switches  and  regulating  resistances 
lo  the  motor,  which  is  mounted  on  the  sunic  bogie  frame. 

The  motors  arc  series-wound,  with  a  drum-armature 
iiuilt  upon  the  nmning  axle  of  one  pair  of  the  bogie  wheels 
(P'g-  375)-  The  HeUl-magncts  .ire  of  the  double  magnetic 
circuit  type,  and  arc  slung  in  a  hori/onlal  position  by  strong 
spiral  siidngs  from  the  framework  of  the  bogie.  A  si)eed  of 
one  mile  per  hour  is  attained  by  ten  revolutions  of  the  a.xle 
'  per  minute,  so  (hat,  when  the  train  is  running  at  30  miles 
per  hour,  which  is  the  tnaxinnnn  speed  rcijuired,  the  motor 
armature  is  running  at  300  revolutions  [>cr  minute, 

Each  train  carries  a  motor  on  the  leading  and  the  trail- 
ing bogie,  but  for  ordinary  running  only  the  motor  on  the 
leading  bogie  is  used.  At  the  end  of  a  trip  the  driver 
changes  ends  with  the  guard,  and  switches  in  the  other 
motor  for  the  return  trip. 

A  train  consists  of  two  carriages,  weighing  40  tons, 
and  capable  of  carrying  57  [)assengers,  with  through  con- 
nection from  end  to  end.  Each  carriage  is  45  feet  long, 
and  is  supported  by  two  four-wheel  bogies.  .\t  present  the 
number  of  passengers  carried  is  about  five  millions  jwr 
annum,  and  out  of  46,42<)  trains  uin,  no  fewer  than  95 '35 
have  been  up  to  time,  a  record  difficult  to  etjual  on  a  steam 
railway.  'I'he  contractors  who  undertook  the  work  guaran- 
teed to  run  the  trains  at  the  very  low  prii  e  of  fourpencc  per 
train  mile  for  two  years,  but  so  satisfactory  was  the  first 
year's  working,  that  the  railway  company  at  the  end  of  it 
took  over  the  plant  and  released  the  contractois  from  their 
guar,\n(ec,  being  convinced  that  the  cost  had  been  brought 
well  within  the  above  figuie. 


*. 
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One  of  the  most  inleresting  features  of  the  railway  is 
that  the  signals  are  wurked  electrically  hy  the  trains  them- 
selves, so  that  no  signalmen  are  required  alonj;  the  line. 
Elach  train  carries  a  striking  har,  which  acts  upon  contacts 
placed  at  the  side  of  the  track.  ]'°or  signalling  purposes  the 
line  is  divided  up  into  sections,  and  the  cont-icls  are  so 
arranged  thai  when  a  train  leaves  a  se<  tion  it  automatically 
set.s  the  signals  so  as  to  block  that  section  until  it  has  itself 
passed  off  the  section  in  front,  in  doing  which,  it  again 
auiomaiically  removes  the  block  previously  signalled. 

The  current  for  working  the  signals  is  supplied  by 
secondary  batteries,  of  which  there  are  two,  consisting  of 
27  cells  each,  at  every  station.  Of  these  two  batteries  one 
can  be  u.scd  for  working  i>ur|)oses,  whilst  the  other  is  being 
charged.  There  arc  two  charging  circuits,  one  (or  the 
stations  to  the  north  of  the  power-station,  and  the  other 
for  the  stations  to  the  south.  All  the  stations  on  one 
circuit  are  put  in  series  for  charging,  so  that  the  full  pres- 
sure of  500  volts  may  be  taken  direct  from  the  main 
switchboard.  The  storage  Ixittcrics  also  supply  current  for 
the  glow  lanips  used  for  lighting  the  stations,  and  also  for 
the  glow  lamps  in  the  signal  lanterns.  In  the  latter  rases 
there  are  duplicate  glow  lamps  in  each  lantern,  so  that  if  one 
gives  way  during  the  night,  the  otiier  still  exhibits  ihe  signal. 

The  manifold  advantages  of  the  electric  current  for 
railway  working  arc  well  exhibited  in  the  above  description. 
To  sum  up,  not  only  does  the  current  supply  the  power 
reiiuired  to  drive  all  the  trains  on  the  lines,  but  it  also 
lights  u|>  the  stations  and  carriages  at  night,  and  woiks  and 
lights  tip  the  signals.  In  the  latter  case  signalmen  are 
dispensed  with,  and  each  train  automatically  woiks  and 
clears  the  signals  as  it  travels  along,  thus  rendering  col- 
lisions impossible  except  through  gross  c^nrelessness  on  the 
part  of  the  driver  in  disregarding  signals.  This  last  jios- 
siblc  source  of  danger  can  also  be  eliminated  by  a  method 
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devised  by  Professors  Ayrton  and  Perry,  in  which  not  only 
dues  the  train  set  the  signals  against  the  section  behind  it, 
but  actually  disconnects  that  section  from  the  p)ow-er  mains, 
so  that  if  a  train  should  be  carelessly  run  on  to  a  blocked 
section  it  would  be  powerless  to  proceed,  as  it  would  be 
deprived  of  the  current  which  drives  its  motors  until  the 
train  in  front  had  passed  on  to  the  next  section  but  one. 
All  these  varied  functions  of  the  current  are  fulfilled,  in  the 
cases  described,  by  currents  generated  in  a  single  power- 
station,  by  one  set  of  engines  and  generating  dynamos,  so 
that  the  skilled  attendance  required  is  economically  con- 
centrated in  one  place. 

The  success  of  the  City  and  South  London  and  the 
Liverpool  Overhead  Electric  Railway.s  has  led  to  the  pro- 
jection of  numerous  other  schemes,  some  of  which  have 
already  obtained  Parliamentary  sanction.  It  is  therefore 
very  probable  that  the  next  few  years  will  witness  a  rapid 
development  in  this  form  of  locomotion,  especially  for 
intra-urban  traffic. 

Telpher  Lines. — No  description  of  the  present  posi- 
tion of  electric  locomotion  would  be  complete  without  some 
reference  to  a  system  devised  as  long  aj;oas  1 882  by  Professors 
Fleeming  Jenkin,  Ayrton  and  Perry.  This  system  has 
received  the  very  appropriate  name  of  Telpherage,  and 
was  originally  intended  only  for  the  automatic  electrical 
transport  of  such  goods  and  merchandise  as  could  Ik-  con- 
veniently divided  into  .small  quantities  of  from  2  to  5  cwt. 
each.  Hut  it  is  manifestly  applicable  to  still  heavier  work, 
and  has  been  .so  developed  by  the  Sprague  Electric  Railway 
and  Motor  Company  in  the  United  States,  whilst  an  experi- 
mental line  for  the  conveyance  of  passengers  was  erectetl 
and  worked  at  the  Edinburgh  Electrical  Exhibition  in  1890. 

The  distinguishing  feature  of  the  system,  as  originally 
devised,  is  that  the  truc:ks  for  carrying  the  goods  are  hauled 
by  an  electric  motor  along  an  overhead  steel  rod  or  rope. 
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the  clcriri<al  arranycmenls  for  tlie  supply  of  energy  lieing 
siicl)  thai  no  driver,  guard,  signalman  or  attendants  are 
re<|iiired  during  transit.  Each  train,  as  it  were,  lakes  care 
of  itself  by  automatically  blocking  the  line  behind  it  in  a 
way  already  referred  to  as  being  possible.  Fig.  376 
is  taken  from  a  photograph  of  a  part  of  a    Telpher  line 


Fig.   J76.— Tlic  (ilyrult  'ltil_.h'.t  l.Uit;. 


at   c;i)nde,  in  Sussex,  about 
consistcrl  in  rnirying  1  lay  for 


erected  for  commercial  work 

1884.     'I'he  work  to  he  dune 

the  Sussex    I'orllnnd   Cement  Company   for  a  distance  of 

about  a  mile  lo  the   railway  aiross  some  meadows,  where, 

for  various  reasons,  a  line  of  metals  laid  on   the  ground 

would  not  have  been  so  advantageous. 

The  line  consisted  of  a  double  set  of  steel  rods,  one  for 
the  "  up  "  and  the  other  for  the  "down  "  line,  supfiorted  on 
postb  as  .shown.     The  rods  were  8  feci  apart,  with  a  span  of 
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•boot  66  TlcI,  ai  a  height  of  iS  feet  from  ilie  grouml.  The 
Irain  shown  consists  of  ten  trucks  or  skips,  ilic  cU-i'lric 
motor  being  pbced  in  the  miiiillv  of  the  train. 

The  sjstem  by  which  such  a  train  is  supplied  witli 
electric  jiowct  is  cxccedinjfly  loteresting  and  ingenious. 
The  current  is  lirout-hi  to  the  motor  by  an  insiilaioil  con- 
ductor, and  taken  back  to  the  neneratiny  station  by  M\ 
uninsulated  one.  liut  tlie  whole  train  is  on  one  line  of^ 
wire,  and  only  makes  contact  with  this  line.  Mow  then  is 
the  necessary  electrical  potential  ditVeremc  niainiaiiied  at 
the   terminals  of  the   motor  ?     By   the    simple   device   ol 
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electrically  insulating  the  successive  spans  from  one  nnolher, 
and  making  them  alternately  portions  of  the  positive  and 
negative  sides  of  the  electric  system.  In  short,  the  wire  in 
one  span  brings  the  current  to  the  motor,  and  the  wire  in 
the  next  lakes  it  away.  In  do  this,  it  is  only  necessary  to 
cross-connect  the  different  spans  at  the  posts,  in  the  manner 
shown  in  the  annexed  di.agram  (Fig.  .^77).  In  this  diaxmrn 
I)  tepresenis  llie  dynamo,  the  positive  pole  of  which  in 
connected  to  the  spans  A,,  Rj,  .A„  If,,  \c.  ;  whilst  the 
negative  pole  is  connected  to  the  alternate  spans  U|,  Aj, 
B.1,  A,,  iVc.  Two  wheels  on  each  train,  a  leading  wheel  L, 
and  a  trailing  wheel  T,  are  at  sui  h  a  distam  e  apart  that 
one  of  them  is  on  one  span,  whilst  the  other  is  on  the 
adjacent  span.  These  wheels  are  insulated  and  connected 
by  eonductois  to  the  terminals  of  the  motor,  and  ihus  when 
resting  on  successive  spans,  a  current  passes  from  0110  to 
the  other  through   ilie  motor.     Thus  the  current  for  the 
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train  I.T,  which  is  travelling  from  righi  to  left,  takes  the 
path  D  A,  T  M  L  A^  B^  back  to  the  dynamo  D,  whilst 
the  current  for  the  train  L,  T,  travelling  in  the  opposite 
direction,  flows  in  the  circuit  I)  A|  B.,  I,,  M,  'I',  B-,  A.,  H, 
back  to  I).  The  trains  are,  therefore,  electrically  in  parallel. 
There  is  a  short  space,  when  the  wheels  I,  and  T  are  passing 
the  posts,  during  which  the  train  is  deprived  of  current,  but 
its  momentum  is  rjiiite  sufficient  to  carry  it  [Kist  these  points. 

To  prevent  the  speed  becoming  excessive,  there  is 
attached  to  the  motor  an  ingenious  centrifugal  governor, 
which  breaks  the  circuit  completely  at  a  pre-arranged  si»eed. 
If  the  speed  still  further  increases,  as  it  might  do  were  the 
train  running  down  a  gradient,  a  centrifugal  brake  is  brought 
into  action  to  moderate  it. 

When  the  "  automatic  block,"  to  which  reference  has 
been  made,  is  used,  the  current  is  supjilied  in  a  somewhat 
different  manner.  A  well  insulated  conductor  runs  along- 
side the  working  conductor  on  which  the  sliding  contacts 
rest.  This  working  conductor  is  divided  into  short  sections 
insulated  from  one  another,  and  these  sections  are  brought 
into  contact  with  the  continuous  well-uisulated  conductor 
by  the  train  itself  as  it  passes  along.  By  using  a])propriatc 
electromagnetic  devices  the  train  can  not  only  bring  its  own 
section  into  contact  with  the  "  live ''  conducl<ir,  but  can 
disconnect  the  section  immediately  behind  it. 

Electric  Launches.- -Tramways  and  railways  by  no 
means  exhaust  the  successful  apjjlication  of  electric  power 
for  purposes  of  locomotion.  Ordinary  omnibuses,  dogcarts, 
tricycles,  launches,  &c.,  have  all,  from  time  to  lime,  been 
driven  by  the  power  supplied  by  electric  currents.  Since  in 
these  rases  the  vehicle  has  to  carry  its  supply  of  energy  with  it, 
secondary  batteries  are  practically  the  only  current  generators 
available,  and  the  remarks  previously  made  regarding  their 
excessive  weight  fot  the  jiowex  supplied  when  used  on  tram- 
cars,  apply  with  much  greater  force  to  most  of  the  aliove 
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applications.  It  is  therefore  not  at  all  surprising  that 
although  the  various  problems  have  been  successfully  solved 
experimentally,  the  conniiercial  solution  cannot  yet  be 
regarded  as  satisfactory,  and  therefore  these  applications 
have  not  yet  come  into  ordinary  and  general  use. 

There  is,  however,  one  important  exception,  where  a 
heavy  dc.id-weighi,  though  undesirable  in  itself,  exce|)t  fur 
ballasting,  is  not  an  insui^erablc  obstacle.  'I'his  is  when  the 
power  is  employed  to  propel  boats,  launches,  or  other  small 
craft  on  rivers  or  lakes,  or  in  the  smooth  waters  of  a 
harbour.  So  advantageous  from 
many  points  of  view  is  the  use  of 
electric  power  for  such  purposes, 
that  it  has  l)ccome  very  popular, 
and  quite  a  large  fleet  of  eletiricall) 
propelled  small  craft  is  now  in  exist- 
ence. As  compared  with  steam  or 
oil-driven  (raft,  there  is  an  entire 
absence  of  dirt,  noise,  heat,  and 
smell,  and  the  deck  is  quite  free  and 
clear  for  the  use  of  passengers.  The  greatest  drawback  is  that 
the  energy  stored  only  suBices  for  a  ten  or  tw;;lve  hours'  run,  at 
the  end  of  which  the  craft  becomes  di.s.ibled  unless  a  charging 
current  is  asailablc.  The  difhculty  has  been  met  on  the 
Thames  by  the  establishment  of  charging  stations  at  con- 
venient jioints  along  the  banks,  so  th.it  (piite  a  long  journey 
is  possible  on  this  river  in  an  electric  launch  Since  an 
ordinar)'  charge  suffices  for  a  day's  run,  the  launch  can  be 
brought  at  nightfall  to  one  of  the  chargingstations,  and  will 
in  the  morning  be  ready  for  another  day's  work. 

The  secondary  cells  used  in  elet'tric  launches  are 
specially  constructed  for  the  purpose,  so  that  they  can  be 
stowed  away  in  the  space  which  ran  be  easily  provided  for 
them  beneath  the  seats  and  under  the  deck  of  the  launch. 
The  jxjsition  of  the  ballery  and  motor  in  an  electric  launch 
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licltin^ing  tu   thu   Klcclrical    I'owcl 
Stonigc  Comiiany  is  shown  io  Kigs 
378  and  37<>.      Tlie  first  is  \\  1 
st-ciion  of  the  launch    VvA 
and  shows   the  iclls   placed,  «oni^ 
below   the  ilcck  nn<l  others  at  lh< 
siiii'  underneath  s«ls,  &t.      In  luilh 
|iositions  they  arc  out  uf  the  «*ay-J 
and  do  not  interfere  with  the  use  1 
the  launch.    The  second  figure  ajitais 
shows  the  position  of  the  ■ 
is  further  interesting  as.  shoiv 
the  motor    is    directly  couplin)  tc 
the  screw  shaft,  and  how  the  whole 
of  the  machinery,  except  the  regtiJ 
lating  switch,  is  slowed  .iway  out  < 
sight.      It  may  here  be   remarked 
that  an  electric  motor  \'i par  txctlUiut 
the  |)roper  kind  of  motor  to  drive 
a  screw  propeller,  since  the  mutuf 
armature  has  a  rotary  motion  vai 
runs   hest  at  a  high  speed  ;   it  can 
lh(.Tefore  be  directly  cuuplcd  to  llt< 
propeller  without  the  inter>cntton  < 
speed-reducing   and    power-wasting 
ge.ir.       The    rcgiilatir>g    switch 
arranged  to  couple  die  battcrK-s 
various   ways  as  may  be  rcqaint 
and  also  to  reverse  the  direction  \ 
rotation    of    the    • 
Ttiuh  the  boat  is 
the  command  of  the  coxswain,  wh<] 

ha*  his  various  trwnttflP- 

all  within  easy  reach. 

used  in  all  on  this  launch  <»<< 
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capable  of  giving  18  amptres  at  30  volts,  and  at  full  speed 
the  motor  running  at  500  revolutions  per  niinutc  was  aljle 
to  drive  the  launch  ot  the  rate  of  t  li  miles  per  hour. 

Other  ArrLicAiioNs  ok  Electric  Powkr. 

Space  will  not  allow  us  to  give  details  of  the  very 
numerous  applications  of  electric  power  to  other  purposes 
than  those  of  locomotion,  but  a  very  brief  summary  of  the 
most  important  of  these  may  prove  interesting. 

In  nearly  all  the  nperatio?is  of  mining,  electrically- 
transmitted  power  is  daily  being  proved  to  have  many 
advantages  over  other  forms  of  ])owcr.  It  can  be  used  in 
the  first  instance  for  ilnllin;^  attd  oiUint;  the  rocks  and 
minerals,  and  then  for  /Mn/inj>  them  to  the  base  of  the 
shafts,  whence  an  electric  winding  engine  can  li/l  them  to 
the  surface.  Moreover  the  pumfis  for  keeping  the  mine 
clear  of  water,  and  thc/Ii//j  for  maint.iining  ihe  ventilation, 
can  be  driven  electrically.  All  those  varied  operations  have 
been  successfully  carried  out  in  practice,  and  a  rapid 
development  of  the  application  of  the  electric  current  to 
mining  tequiremcnis  is  now  in  progress. 

In  factories  and  workshops  the  use  of  electric 
motors  for  driving  sei)arale  mac  liincs,  or  groups  of  ni.ichines, 
that  are  only  put  in  motion  intermittently,  is  in  many  cases 
more  economical  than  the  use  of  long  lines  of  shafting,  and 
sometimes  of  subsidiary  steam  engines.  More  especially  is 
this  the  case  where  the  motion  retiuired  is  rotary,  as  in 
lathes  and  drilling  machines. 

Then  again  lot  cranes  of  all  kinds  electric  power  is 
proving  itself  to  be  both  convenient  and  economical,  and 
much  superior  to  power  transmitted  by  ro[>es  or  long  lines 
of  shafting.  As  a  special  branch  of  this  [larticular  a[iplica- 
lion  it  may  be  noticed  that  lifts,  or  elevators,  as  our 
American  cousins  call  them,  in  hotels  m^^  I'nvate  houses, 
are  easily  worked  !))•  electrical  power. 
w  w ' 
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Our  lady  readers  may  also  be  interested  in  Ic.irninn  that 
sewing  machines  can  easily  be  driven  by  small  electric 
motors,  controlled  by  the  movement  of  a  little  switch  placed 
within  reach  of  the  worker. 


Conclusion. 
Here  we  must  stop.  A  full  list  of  all  the  further  ai> 
plications  of  the  ekctric  current  would  i^rove  tedious. 
Enough  lias  been  said  to  show  that  here  we  have,  if  the 
latest,  certainly  the  most  pliable  of  all  the  servants  which 
man  has  harnessed  for  his  own  purposes.  Whether  we 
consider  the  mysteries  which  still  surround  the  simplest 
actions  of  this  obedient  servant,  mysteries  which  have 
defied  the  searching  cmitiiries  of  the  subtlest  intellects  of 
our  lime;  or  turn  to  contemplate  the  marvellous  range  of  its 
activities,  from  transmitting  the  feeblest  whisper  a  thousand 
miles  to  whirling  along  the  ponderous  train  on  a  railway  ; 
-  the  human  mind  cannot  but  be  lost  in  wonder  and  amaze- 
ment, and  must  feel  bound  to  confess  that  the  servant, 
though  willing  and  obedient  beyond  the  dreams  of  the  poet, 
still  remains  more  mysterious  and  elusive  than  the  magi  and 
spirits  of  the  Arabian  Nights. 
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troplatwiK.  473  .  Modem  Alternate- 
CiiiTcni.  236:  Modem  <  nntinuoui- 
t'ujTcnt.  229;  Motor-,  675 

Dynaniotors,  67O 

Dyne,  Magnitude  of  One.  106 

Ijirtli  »  Miignct.  The,  193 
R-irlhkin  or  TerrclU,  92 

I  1^  for  Ttam  line*.  729 

I  iiriic  licld.  1  he,  121 

lulison — iiiid     Swan     Liiinp5.     4iki  , 

CarlKjn  Transmitttr.  <'2i ;  Dynamo. 

The.     232 ;      Effect,      I'he.     4'j6 ; 

Meter,  'I'lie,  417  ;  Tt«ni-<jir  Motor, 

701 
Effective  KM.F.,  431 


Eflcci— T  he  Edison,  196  ;  The 
l"elller,  045,  The  Scebeck,  246; 
The  Thotnson.  253 

I'.lrclrical  I'ow<r  Storage  Ccni|any'< 
tlitlleries.  79,  84 

llrclric  .\rc.  ftick  E.M.F.  of,  516; 
Arc,  Physics  of  the,  ^i6 ;  Arc,  I'he, 
486,  500:  .\rc  Weldin;;.  ^59,  .'\uto- 
matic  Block,  750:  Rell  Circuits, 648  ; 
Bell,  The.  645;  Bl.vlmg,  559; 
Bleaching,  480 ;  Cimdlc,  507 ; 
Capacity.  14  .Condiiii.  l-cve's,  725  ; 
Cranes.  753 

Electric  Current —Chemical  Produc- 
lion  of  the.  26  ;  Definition  of  the, 
18;  Effects  of  the,  17;  Influence 
(in  small  iiiduslrirs,  4  ;  Magnetic 
.^ctlon  of  the,  16 ;  Magnetic  FVo- 
duclion  of  the,  c;o ;  Mechanical 
Prodiiciiiiii  of  the,  90  ,  Metho<ls  of 
Producing  the,  21,  aj;  Thermal 
Me.-uuicmcnt  nf,  383  ;  Thermal 
Production  of  the,  ^44  ;  The,  Scope 
of  the  Bock,  5  :  The  .Services  of.  3 

Electric — Dyeing.  483  :  Furnaces, 
552  ;   Fu.se.  560:  Indicator,  638 

Electricity — Positive  and  Negative, 
>  •>  37  :  Vitreous  anil  Reiinous,  9 

Electric— Launches,  750  ;  launch, 
5>ections  of,  751  ;  Lifts.  753  ;  Light- 
ing, Primary  Hatlerirj  for,  64  ; 
Lighting,  Private  House,  524; 
l.ocomotiou,  713  ;  Loe«^niotlve,  738: 
Machines,  De^■clopnl^nl  of,  10  ; 
Motors,  Iff  Motors:  Oscillations, 
,t(>4  '■  Potenlinl  DilTcrence.  38  ; 
Power  in  Factories,  753  :  Power  in 
Mining,  753  ;  1'i.wer  in  Workshops, 
753 ,  Pressure.  38 ;  Pressures  in 
Chliiti<l  "    '     ,   47;   Pressures 

in  0.\i''  •    4t  ,    Pressures 

in  Sulpi  111.  4'':   Purifica- 

tion of  .Sewage,  484  ;  Kailways,  nv 
Railways  ;  Keciilicalion  of  Alcohol, 
48.1,  Resistance,  13,  271.  312, 
Sewing  MiiL-hincs.  7t» ;  Tanning, 
484  ;  Telegraph,  The,  5r>9  :  Tram- 
curs,  71S  ;  Waves,  462  ,  Welding, 
556 

Elcclro-Chemicnl  E(|ulvBlent5  (Table). 
3«M 

Elcctrot  hrmistry,  480 

Electro-Dynaniometei.  Siemens',  365 

Elcctiolyser.  Hi-rniite    482 

Electrolysis  jiT^i  .  Laws  of,  302: 
Nomenclrtturr-  of,  2tw:  Sc-condary 
Actions  in,  299 ;    Theories  of.  306  ; 

Elcclro-niagnel  —  Club-footed,    161  ; 
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Coil  and  I'liingcr.   166 ,   Oymimo. 

164;     (or      Intense     lulds,     160. 

iliiitlirs'.     165;       Iron  clnd.     163; 

Mr)r(l<'y.  168  :  of  Bnisli  Arc  Lamp, 

167,    of    Uower  Telcphoni',    165; 

Two-pole.  I5g 
lileclro-Magnplic  Theory  of   Ughl, 

465, 
KlrciroMn(;ni"liBm,  138 
IClectro-mngncU— I'otms  of,  156-168  ; 

Henry's.      158  ;      Sensitive.     165 ; 

Slingcons.  14a 
Eleilio-Mcliilliirgy.  477 
Elcclromeler     38,  Kflvin'syuadraiit, 

jyS  ;  The  C.'u.iilr.im.  401 
Eiertrometeri,  395 
F,lrrlrn-nintivi->"orri«.  trr  IvM.F. 


•5,473 
I  ,  -         )  rig,  99 

KlcL'iruAtatic  Actiun.  l^w  of.  395 
li:i(s  iriKtiiik'  Insirutnenis,  394 
I  '  ■  :u  Volimetrr.t,  44^ 

.5.30; 
I  .!"««,  4'i9.  ■«74 

bleniciits.  I  lie  Magnetic— 134 ;  Vati- 
ailoiis  of.  13s 

I'liiuirr  I'rocess,  478 

K.M.I.,  40 

KM.I-.-and  P.D..  DKTereni*  lie 
twcen,  095:  Calculmion  of  Induced. 
3»7,  Eireciivc.  431;  Impressed, 
4al) ;  In  Kouting  Loop,  ti>4  ;  In 
Sliding  CindiKlor.  178:  Monsiire- 
menl  of,  i8.|  ,  <  )f  Uyitiiiiuj  Machine. 
328,  of  "Induction.  177;  Seat  of  in 
Cell.  40  :  Slanditrds  of.  403 

Enrrpy,  23 

Energy  .Absorbed  by  Induced  Ctir- 
lenls.  187 

Rnrrgy  ,ind  Power.  413 

Energy- Consorviii ion  of.  33;  Oissl- 

Iialton  of.   24  .    Klrclnc  f'urrenl  a 
•'orni  of.  a;  ;  Mmsurenient  of,  41 1 ; 
Mratuicnicnt    of    Henl.    27;     Cf 
Cnirmicjil    $rji,ir,ition.    26 ;    Slf'r- 
of,  avaiUble,   26.   Ttansformiii 
of.  a.1 
K<|uiviilco(s,  Elevtro-ChcmicalCnii  ' 
?"( 

'■  ■  "  Ml,     Jtl( 

•ne,  Oji3 
iipxny's 


of  .\in|M>re,  317  :  on  <  unvnt  Indn 

tion,    «8o :    on   Int1iif.-,»i!   <"nm,tin 

188-igi  ;  .I 

r>>  ;  on  Sell 
Experimeni, -■-  ,    . . ;..     1 

Hie   247 
Evperiinenu  with  Magnets.  94 
Explmiiiiion  of  Terms.  37 

Facioncs,  E'eciric  I'ower  In,  7.53 
K.iniday'»— Uiseovery     of     M«gnel, 
I'Wlrir    Indiii'tlon,   170;    I^virs 
'"  305.     Simple      Uia 

I'  1  'Jiry  IVittenea,  75 

Feeders  anil  iliilriljutors.  Mo 
Ferranli    TmnsfomiiT.    691  :    TroBk. 

Miiui.  671 
r''irld'ifi4gnel — of  3  Ilyn.Lii)oMj(Cllta 

i(>.\ :  of  Mordey   Altenulor.    «4t| 

W'indingi,  215 
i'ield-iiiii);nrt«.  lot;  Draigo  o(,«to: 

Form 
rielit,   I  .■    108 

Field.    I !  ta.ijiwiic. 

I'^ire  .•Marnl^.  049 
Kiirftv.  Light  of  the,  407 
Fire  I  mice  Rules.  534 
Five-wire— Regulator,    Oyg  ;    Sftum. 

66t 
Flux,  Miijfnctic.  3J3 
Forlies*    'I'hernio()ilc    (•.it>4nonirti!r. 

256 
Force — Lines    nnd    Tuto    of, 

Magnetic.     131;     Ma<(netomiMtn 

Foiiuiuli-DutKMcq  Arc  I  a-np,  505 

Fr  ■  '  '••     "^  niimin.  I.   1 1 
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361,  fur  Small  (uiTrnts,  3371 
Shunting,  553 ;  SMtitliinl.  371  ;"Use 
of,  jSt 

r. .'  - ,  336 

<  )i  in.  I.  6.  93,  123 

Gi  1    rri'llii,    o»;     llieory    of 

IpiirMrial  M.igiu-listii,  133 
Glow  I.mn()--50oL'n'Ml'c^l'ower.  491 ; 

Holdrr.    491  ;     Mier<»M.'u|»«*,     403 : 

Physics  of  the,  405  ;  Siirgicjl,  403  ; 

'I'enninals.  ^ga 
Glow  l.'inip'i.  4»7 
Glyndr  lelplicr  I.inc.  748 
(jowrr     Telephone,      lilrclnjningncl. 

"is 
Ommine  King,  300 
Oraviiy  Ammcteri.  370 
Gray  -  Kliiha,  612  ;  Stephen,  8 
Grehel,  Cell,  The,  60 
Groithuat,  307 
Grove's — Cell,  57;  AclvanUigeiof,  58  ; 

f.iiVs  lUtti-ry.  71 
Giiericke.  Olio  von,  8 
GUIchcr  TlK'rmo|iile,  The,  ai6 

llnnfpng  l^mps.  541 

lliircoun'i  Peniiiiie  Sunilard,  ?ao 

n.-trr  5  Cell  or  IVrt.ngrr^Cor,  36 

Hawksljee,  8 

He.ll  KneTC\,  Mm.surenient  of,  27        , 

Hrnt5— of  flilorirfiiKiii.  47;  of  (.>iiida 
lion,  45:  of  S(il|>h.ilion,  46 

"  Hcilvjeliog  "    Trrinsfornu'r,     Swin- 
burne's. Ijc,3 

llrlmliolit,  310 

Henry—  1  vftnilion  of  ih<\  433 

Henry.  Joseph,  14Q,  181 

ffeniy's  Llecii-omagnris,  158 

Htfrnult  l".lerlnc  I'urnncr,  .^56 

Hcnnile  lilcclroly.M'r,  48a 

Hcru'  Experiments,  t^i 

Hl({li  IVeiMite— Slnllon,     549;    Sy. 
leins.   ^>fi3 :    Trflnsfornicr,   Tcsln's,  i 
693  ■  i 

Hi\Iorie«l    Nulri,    6,  aq,  7I,  233,  468, 
i«y.  ino   ^ftj.  <Sia 

H'  ■  ■  I. imp.  4t)l 

If  rjrtniiliaii  of  a   406 

II  •  .  <.i\:  Electric  Uighl- 

Wiring,  51a 

11  '4"«.     rrSj";    Ml- 

1  f.,|.iir..n.-.  iii-j ,    i  hcory  of  Mngnci- 

IMIl,    118 

lluniiinc'i  1  rnnsmitter,  O24 
Hyilromelerii  for  5Mvaad<irv  liilteries, 

«7 
llyklcu-Ui — MiignetIc,  154  ,  Curve?  of 
M.iRnetic,  t$$ 


Impulance.  435,  438 

Imprc^^d  t. Si.F..  429 

InriiKlescenI  l.imps.  r«Glow  I  .imps 

liiclinjiiion.  M.ignctic,  132 

hirlicilor,  KIrclric,  638 

ImliKerl  I  iirrrnts— Direction  of.  174, 
176,  180  ,  Kncrpy  .MistirUcdby,  187 

Induced  K.M  K.s,  177 

Induclunce,  Drfinilion  of.  413 

Induction  Coil -Ruiery,  bSa  ;  Con- 
denser, 685;  .Microphonic,  615 

Induction  Coil^,  661 

Induction — Current,  179;  Kxpen- 
ments  on  Mngnelic,  99  ;  .MaKnetic, 
99:  Magneto- I'llcctric,  160;  Neu- 
irulisalion  of  6|o;  Self,  18a 

Ink  Writer.  Morse's.  <;84 

Instrument.  Single  Needle,  583 

Instruments — Telegraphic  Receiving, 
S8i  ;  Tcli-er.iphicTiansniltttng.  573 

Insulation  of  ,Mid'R  •il,  742 

InsuKilorsfor  Seooiidjry  Biiiieries,  87 

Insublors  for  Trolley-Wire,  723 

ln|prn,il  Resisluni'c  of  a  Cell,  ,|a 

Inverse  <.  uirenls,  180 

Inverse  Stptares,  I-aw  of,  14 

Inversion,    I'henno-IClectric,  251 

Irish  Telephone  (  ithle,  643 

Iron  -Culvert  for  Mains,  670;  KITect 
of,  on  Magnetic  Field,  115 i  Mag- 
netic Properties  of,  101 

Iron  Ships,  Compas«!s  in,  127 

Isoclinic  l.i  les.  133 

Isogonats.  129 

Isogonic  I.lnp5.  127 

Jrtblrxhkofl's  Candle,  507 
Jacotii's  l-'let  ln»-  Motor,  69/i 
joule,  lyrinition  o(  iH''    m 
Joulcmeccrs.  41 1 
Joule,  The.  67 ; 
Jotile's  I,«w,  31 1 

K.tpp's  Vliilnpolar  Dynamo.  aj6 

Kelvin  Battery,  The,  s<; 

Kelvin's — Anipi'rc     Rilances,     380 ; 

Mariner's  Compass.  la'; :  Qu>idn\nl 

Uectromrler,  31)8  ;    Kellrcting  (i.tl- 

v»nomeier,  343 
Kejr     Double     CuttrnI      574.     The 

.Morse,  574 
Kile  INpifimeni,  ta 
KIclst,  I  Van    10 

l-'itnTtitury  Kufiiace,  l%liT*ric,  554 
l-ig— Angle  of.  435;  Of  an  Allernatr 

Current,  432 
l^mp  an>l  Scale,  346 
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l^imps—Art',  4r<*  Arc  !-.imps  ;  l*U1is»»n 

Miij;;neilc       Elements— °l '                     ^H 

and  Swnn.   4*) :   Glow,   s*r  Clio* 

V.iriiiiion!>  of  lli«.  13^                           ^H 

I-imps ;      IVnilcnt.     jn  ,     Semi 

MiiRn'iicKHeclof  anl'Vt'i.  c  iin.i-t,   ^^ 

Iniamlrswiil,  515;  Tnlili'.  ^a 
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Luiinvlifs.  ICIrctnc.  7:50 

M.igneiic    Fhin— 313;    R«l,\iion    bi'-^^J 

launch.  Sections  of  KIcctric,  751 

iwecii  (  urixMit  mid,  140                    ^^H 

Laurercr.  Scoit  and  <  o.s  Molor.  6q<) 

Magnetic  Field  -l.lfrrt  of  Ipm  en  <>>^^| 

Liiw— Joule  i,    311;  Ohm's.    470 ;  of 

jis:    of   a    Kvn.unii.    »jt  ;    of  K^^ 

i.'ondiK'lion.   269  ;    of  KlecUos'alic 

Motor.  708 .  Thi-.  108 .  The  E»riir». 

Ac(ioii.  3v5 
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l...tw& — of  Aclioii  of  Mnguriic   Pflle^, 

Mngneiie— Kuree,     i>4 ,     loducUiMt, 

07,     los ;     of    Alttrnntc-Currrnis. 

99: 

425  ;  of   Kli-tliolysi!,  30J,    -^05  ;    nl 

Miitttinlc  Lines    of  Koroe.    no:   0* 

Miignplic  Anion!  315';  of  llirnnal 

Force  ;iTe  flowed  1 'urv»^,  117 

Aolion,  311 

M.iRnrtic-.Mrridian.  Ihe,  i»].   ija , 

LcclancW  I'l'll,  The   61 

Necrllcs,  95 

"  l^eeds  '  Dynnnio,  'Ihc,  a%^ 

Magnetic  I'enneabilitv—ii?,  i;i.  )2V 

I^ni;'  |ji»,  174 
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l^vden  J.ir.   1  lip.  lo 
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Lift',  lUemic.  75_< 
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M;*<nclic  I'olc,  L  mt,  405 

46s 

Magnrtlo   Pro|>rrilM  -of  Iron,    loi  . 

Liglilin);.  Street,  i;!^ 

o(  Sttel,  lot 

LiKhtiiiiie     It  ;  Coiiductori,  12 
Liylit-of  the   Fiiel'ly.   497,  Mauil- 

Miigmtic     Keluctiuii.e,     is>.     314; 

S.ilurfl(ion,  153;  Scnwning,  99 
MngnctlcTheorirs  -Earir.ioa;  LaUr. 

.irds  of.  519 
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^t  1 V  --'■-   »'- r---     -     -.   ^_ 
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M I 
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l-'tunioilNe.  F.IeLtrit,  738 

^^1 

1  .otle^Ioiie.  'I'ltr.  a.  1/3 

M                                                        ■w.^^B 

l.ongKiM.ino-  lelephnnv.  630 

jjo.ins  i      1 

|jiMj(>  -  i;iMng  Alleiii.ite(  urrriilk,  197; 

givinj;  t  oniiniious  (  uiTentJ.  197 
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Measurement  of  Alternate-Current  | 
Porter.  452  1 

Meaiurcmeni  of  Current— tlieinical, 
33t.;  Mnuiiclic.  335;  Tlicrmal.  383 

MeiLMirenienl  -of  Energy,  411;  of 
Hciil  Energy.  27  ;  of  I'lTineabilily, 
325  ;  of  I'owcr,  407  ;  of  I'rrtsurc. 
384 ;    of    qimntily    of    Electricity, 

330-3 

Mechanical  Energy  .Misorbed  tiy  In- 
duced Currents,  187 

Medium.  Action  of  llic,  1 1.) 

Mciflinger  Cell.  54 

Mendian.  Ttie  Magnetic,  113 

Mel.illurKV,  Eleclro-.  477 

Metal*,  Tlienno-Elcctric  I'ropcrtits 
uf  (table I,  248 

Meter,  The  .Nron^.  420  ,  The  EdtMin, 
417 ,  Tbe  I'Uiliu  Thtmison,  423, 
453  :  I'lie  Richards,  415  ;  The  Snal- 
Icniwrgcr,  453 

Meiers.  Public  Sup|jly,  414,  453 

Microphone— Carbon.  620;  Hughes'. 
619 

.Micro|>li'>nr«.  Mcl;illlc,  Mg 

Microphonic  Induction  Coil.  625 

Micro.'icopi!  I.,anip.  493 

Mid-Kail— Insulation.  712,  'Iriim-cir, 
728 

Mining,  lilcctric  Powtr  in.  753 

Minotlo  Fiailcry,  Tlw,  56 

Mirror  L:ini|)  .ind  .Scale,  346 

Molecular  Shadows,  496 

Mordey — .Mlern.ilor.  231;;  Elcclro- 
magnci,  i63 

Morrison.  Charles.  10 

Morse— Co<le,  The.  572  ;   Key,   Ilie, 

574 
Mor«:'»— First  Tclegrapli,   569;  Ink 

Writer.  58} 
.Molor  -.^rm.^ lures.  Reactions  in,  707; 

Brown's    Polyphase  I  urtenl.   712; 

Definition    uf     nn     ICIectric.    695  ; 

Dynaino,   t^uadriiple  (/ircuit.  679  ; 

Dynamos.  675 ,  i:di^oii   Trani-iar. 

701  ,     50     Hotte-l'ower    liam  lar, 

701:     tirner.ilors,     07'>:     Jacibi  s 

Electric,  6«6 ;    Ij»urcnce.   Scott   & 

Co-'s,  <x)^\    Magnetic  Kirld  ol   a. 

-  Altrrnate'CurreiU,        709  , 
K  Ij.  M  I"",  of,  705  ;  Continuous- 
Current,  tut),  Elementary  Theory 
of   Klecirii-,   704  ;    Polvi>liJisr   Cur- 
^     ■  '■  ■      ■  l.lectrlc,  698 

^'  :     C.ir^.  730 

^'  117 

Muliiple  Sivilch-lkjuid,  035 


Mullfplev  Telegraphy,  593 
MuUiplicr.  S;h»eigger's,  338 
.Mulllpular  Dynamo,  K»pp's,  236 
Muichenbroeck,  I'icter  van,  10 
Muscles,  Electric  Action  on,  14 

Nftliler's  Gmvity  Ammeter,  370 
Needle— Dipping,    121 ;    Instrument. 

Single.  583 
Nrulmlisation  of  Induction,  640 
NcwIoD,  Sir  Isaac,  8 
.Nlcolson  and  Carlisle,  15 
Nilrii.  Acid  Rnteries.  57 
Noinencliituic  of  ICIcclrolysis.  2ijg 
Non  Inductive  Wjlimoter,  450 
Nomenclnture- of  Primaiy  liitleries, 

42 ;  of  Second,-u-y  Hiitteries,  77 

Oersted.  15 

Ohm,  (i.  .S, ,  270 

Uhins— l,aw,  270 ;  Liiv»  for  Alternnle 

Currrnu,  437,  458 
Ohm,   The,  4a.  274 
0|)cii-Circuil  Transformers,  69a 
Oscillations,  Electric,  464 
Uverhi-'iid   -k;nlway,   LivcriKxjI,  739: 

1  rollcy  Wire,  722 
UtoiI.imiJ  fdcgraphy,  571 
Oxidation,  Heats  of,  45 

Par.illet — Conductors  in,  288;  lur- 
renls,  .Xction  of,  319  ;  Plates. 
/Vttmction  of,  397;  System,  Simple. 
6s8 

P.  1).— and     E,  M.K     UifTcivnce    hc- 

I  men ,  295  ;  Electric,  38,  Measure- 
ment of,  385 

Peltier  Effect,  Ihe,  2.^3 

Peltiers  — Unr,  250;  Cross,  245 

Pendent  I-amps.  541 

Pcni.xnc  Siiiiularil,  Harcourt's.  520 

Perforator,   The,  578 

Periodic  1  imc,  428 

Pcrmcjibililv,     Magnetic,     117,     151, 

3'5 
PhiiMiix  Dynamo,   llie,  231 
Pholoineler  — llunsi'ns,     523  \     f<um- 

ffird'j.  5«i 
Phol.iiiietrv,  ^18 
Pli\  ■■    '  lie    \rt.  ^i') ;  of 

I I  ■  ;; 

Pl.M,'  .      -J 

Pldtei,  Noiiii:iicl.ituTi:  of  llittcry,  42 
Platini;.  Eleclro.  41S8,  470 

Pull  -  ■■  r'      ,3; 

I  lor, 

,|.,.      '  .   i  itter- 

Ict,,  07 
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I'ole.  Armnlurfi,  203 

I'oici— (  imiuniienl     Magnellc,     98 

MagnolK*.  97 
I'olc.  Uiiil  Mngiiclic.  105 
I'ulvpliasr  — Allfrn.ilc-*  nrrcnls,    458  ; 

AlUTii.iiori.,    |Oo ;    1  nirciii   Muinr. 

Rr«iwn'.s,  712;  Cunrnl  Molois,  710; 

(  urrrnts.  458  ;    TriinMnissJon,  668     ; 
I'ostOffii-C  lelcpllonc,  Sel,  627 
l'(ilenli:il  iJiffetiMiCp,  m  KlJ. 
fower— Hi>usc  of  Liverpool  KAilway. 

740  ;  Mtrasureiiient  «»(.  407  ;  Tmitv- 

mission  of,  650  ;  Uiijlij  of.  408 
I'lecauiions     in     Using      iSecuntlarv 

Batleties,  86 
PrcSMire— KIpclrir.    38;     Mc.1sur1.T5, 

.Allernalr.    443 ;     Syslems,     High, 

063;  Syslem^i,  l-ovv.  658 
I'rcssuro,  Ncocssily  for  High,  655 
Primiiry — Ballcry,   Typiral  Oiu'-IIuhI. 

32  :  feittorii's,  for  lili'ttric  Lighting. 

64  ;  B.ilieries.  tee  B.il(iTic* 
rniilcr.   I  hi- <  iilumn.  51)5 
IVinling  Irlrgritplis,  51J3 
rroduLlion  of  (he  Kh-clric  «  urrsnl — 

<  hciiiic.il.  36:  Miignt'iii',  90;  Iliu- 

mal,  Z44 
IVopprlion,>l  (ialv.inomi'ier.  358 
Public  Supply  Milers.  414,  453  1 

"  I'ush  "  .Swiidi.  647 

Quadrant  fclk-clroini'ler,  Kelvin's,  398  | 
(^luilrnpli.- 1 'ircuil  Mriior  nynanio.679  I 
IJUiiilruplex  Trlfgniphy,  592 
Qnaiilily— of  lilixiricity.    Unit,  305  ;  | 
of  M.ngiictism.  Unit,  105  1 

Quick-speed  Tnuismillcr,  577 

Riidio-MiL-rometrr,  as? 

Railway  Carriage  Accuniulalors,  36 

Railways— City  and  South  London, 
736  ;  Liver|x>ol  Overhead.  739  ;  Sig- 
nalling. I' lot  trie,  74ft  ;  Kletlric,  736 

Reactions  in  Dynamo  Armatures,  220; 
in  Miitoi  Aim.ilures.  707 

Retcivcrs — TvlegmpiiK'.  581  ;  Tele 
phouie,  614 

Receiver  — llic  "  Ailcr."  617;  The 
■  fk-ll.  "614.  616 

Reeorilcr,  The  .Siphon,  607 

Reflecting  tJalranonietcr— Kelvins. 
343  ;  Mather's,  357  ;  Sensitive,  350 

Refining  f.'opper.  477 

Regulnling  Swilclies.  531 

Regulator,  l-ivc->\ire,  679 

Has.  Philip,  612 
Relays,  lelegmphic,  586 
fieluct.incc,  Stagnelk,  151 


I  Resiiliial  Magnetism,  101 
{  Resistance,  L  alculation  of,  285 
Resistance      Coils — Ordinary.     277  ; 

Standard,  276 
Res  stance  — Electric.  13,41,271,  31a; 

Internal,  of  Cell,  42;  Measurement 

of.    278;     Practical    Unit    of,  276; 
I      Siemens"  Unit  of.  273 
Resistances — Combinations  of,   386  ,' 

Lic|ui(l,  283;  of  Llatteries,  292;  of 

various  ni.it-rials  (laUe).  J84 
Reversing  Switches  for  Tram  cars.  735 
Richnrcli  Coulombmclii.  415 
Ring— Armatures,  199 ;  liramnu:,  aoo 
Rutker  and  Thorpe's  Researches,  132 
Rule   for   Relation   between    Current 

and  Magnetic  Hus.  i.(o 
Rules- 1  orkscrew,     140,     145.     149; 

I'lrc  Office,  534 
Riimford's  Photometer.  521 

Safety  Fuses.  534 

.S,-itui^lion.  Magnetic,  152 

.Scale,  Ttansp.»reiit,  349 

Screening,  .Magnetic,  99 

Schilling's  Telegraph.  565 

Schweigger's  Multiplier.  338 

Seconitary  Ritii-ries — Charging.  529 ; 
Cromploii  Howell.  82;  b).  P.S.,  79, 
84;  !•  alias's.  75;  Formation  of,  74; 
Forms  of  Grids  Bi  ;  fur  Railway 
Carriages,  86  ;  for  'I'ramcars,  85  ; 
History  of.  71;  Modern,  77; 
Nomcnclatnrc,  77 ;  or  Aciunmlii- 
tors,  66;  Plantd's  early  forms,  73; 
Use  of,  86,  526,  548,  664,  675,  717, 

75' 
.Secondary  Battery— Arrangcineni  of, 

527;  Cars,  717,   Development.  78  . 

Jlydromelers.   87;    Insulators,  87; 

Room.  547 
Secondary  Cell  Voltmeter,  88 
Secfieck.  16 

Seelwck  lifTeCl.  The.  2\b 
Sclf-Kxciting  Principle,  213,  224 
Self-Induciion,  182 
Self-Induclion,  EflTects  of.  427 
Semi-lncande-scent  Lamps,  515 
Sensitive     Reflecting    Galvanometer. 

350 
Se|>aralely-l-:xcited  Dynamo.  The,  2to 
Series— Conductors  in,  287 ;  I  >>  iiamo. 

Tlie.  216:  System,  Simple,  'J63 
Sewage.  I^ectric  Puiification  of.  484 
Sewing  .M.-ichineii.  l-'.lcclric.  754 
Shallcnbergcr  Meier,  The,  455 
Shunt  Box,  355 
Shunt  Vl^namo,  "W,  1\^ 
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Shunting  Galvanometers,  353 

Shuttle-wound  Armature,  Siemens' , 
226 

Siemens'  —  Alternator,  237  ;  Drum 
Atniiiture.  202 ;  Electro  Dynamo- 
meter, 365 ;  Shuttle-wound  Arma- 
ture. 226;  Unit  of  Resistance,  273 

Signalling,  Electric  Railway,  746 

Silver  Voltameter,  331 

Single- Needle  Instrument,  583 

Siphon  Recorder,  The,  607 

Snell  Dynamo,  The,  235 

Solenoid  and  NIagnet,  140 

Solenoid— Magnetic  Curws  of  a,  148  ; 
The,  139 

Sommering's  Telegraph,  564 

Sounder,  'I'hc,  581 

Southend  Tram-car,  728 

South  SlalTordshirc  Tram-cars.  721 

Spring,  Switch-,  633 

Standard  Cells,  403 

.Stand.ird  Galvanometers,  371 

.Siandar<ls  of  I"  M. I', ,  402 

Standards  of  l-ight,  519 

Station  Alternate  -  C.'mrenI,  549  ; 
I  x>w  prcbsure,  543;  High-pressure, 
549;  Central,  542 

Sii-el,  Magneiic  IVoperlies  of,  101 

Steinheil's  Telegraph,  569 

Stor.ige  liattcries,  see  Secondary 
Batteries 

Street  Lighting,  515 

.'sturgeon's  IClectro-.VIagnets,  142 

Sturgeon,  William,  36,  141,  258 

Submarine  relegniphy,  601 

Sulphation,  Heals  of,  46 

Surgical  Lamp,  493 

Swan  I^mps,  I'dison  and.  489 

.Swinburne's—"  Hedgehog"  Trans- 
former, 692;  Non- Inductive  Watt- 
meter, 450 

Switch-Board,  Multiple,  633 

Switch-Boards,  529,  545,  550,  635 

Switches,  537 

Switches— Kor  Tram-cars,  733  ;  Re- 
gulating. 531 ;  Rtvetsing,  735 ; 
Spiing,  033  ;  ■'  'The  Pu-h,"  647 

Symmer,  Robert,  13 

.System  —  Kivc-Wire.  (>6i  ;  Multiple 
Series.  663;  Simple  Parallel,  658; 
Simple  Series,  O63;  Three-Wire,  659 

.Systems  —  Alternate-Current,  667  ; 
Continuous-Current,  664 ;  High- 
pressure,  663 ;  Low-pressure,  658 

Table  Lamps,  543 

Tangent  Galvanometer  —  Scale  for, 
377 ;  The,  374 


Tanning,  Electric,  484 

'I'ape  Machine,  The,  595 

Telegraph  —  CM. 's,  563;  Column 
Prmling,  598 ;  Uiflrerential  Duplex, 
589 ;  (iauss  and  Weber's,  566 ; 
Morse's  First,  569  ;  Printing,  593  ; 
Schilling's,  565 ;  Sommering's,  564 ; 
Steinheil's,  569 ;  The  Electric,  563  ; 
Wheatstone  and  Cooke's,  s^ 

'Ttlegraphic— Circuits,  587;  Receivers, 
581 ;    Tninsmitters,  573,  606 

Telegraphy — Double  Cuirent,  587  ; 
Duplex,  589  ;  Multiplex,  593  ;Over- 
land,  571 ;  Qu,ndruplex,  592;  Single- 
Current,    587 ;     Submarine,  601 

Telephone  Apparatus,  Post  Ofiice,6a7 

'Telephone  Cable,  Irish,  643 
Telephone— Doub'e- Pole    Bell,    616; 
Electro-mitgnet    of.GoAcr,     165; 
I'.xchange    Apparatus,    633 ;     Ex- 
changes.   630 ;     'The.    610 ;     The 
K.irly  Bell,  614 
Telephonic— Receivers,    614;     Trans- 
mitters, 617 
Telephony,  Ixjng- Distance.  639 

■Telpher;ige.  747 

'Telpher  Line  -Conncttions  on,  749  ; 

Glynde,  748 
Telpher  Lines,  747 

'Temporary  Magnetism,  loi 

'Terminals  -Glow    Lamp,   492;    N'o- 

I     menclature  of  Battery,  42 

i  Terms,  Explanation  of,  37 
Terrella,  ( iiltwrt'.',  92 

'Terrestri.il  Magnetism,  120 

I  Tesla's    High-pressure    Transformer, 

I      693 

'  'I  est  Box.  672 

Theories- of  Acti  >n   at  a   Distiincc, 
I      107  ;  of  Electrolysis,  306  ;  of  Mag- 
netism, ICarly,  102;  of  M.ignctism, 
I      Ltter,  118 

ilheory  — of  Electric  Motors.  704  ;  of 
I  .Magnetism.  'Two-Huid.  106.  118 
I 'Thermal -Action.  l«>w's  of.  311; 
Efl'ect  of  an  Electric  Current,  17; 
i  Measurement  of  Electric  Current, 
I  383  ;  Voltmeters,  390,  448 
I  Thermo- l'",lectric — IJattery,  253  ;  h'.x- 
I      perimenl,  .StH.'lx'ck's.  247 ;  Inversion, 


Thermo- 1;  lectricitv. 


16 


Thenno-Electric    Proiwrties    of    the 

Metals,  (Table  of),  248 
'Thermopile  Galvanometers,  255 
j  Thermopiles— 253  ;   Clamond's,  264 ; 

('onnnercial,  3& 
Thermopile,  'The  (illlcher,  266 


Iliomvoii  Effeci,  Tlir,  ana 
'rhoiii!.on  Mcii-T.Thf  Hlliiiu,  423 
Three-wire  Dliiril>utor4.  659 
limc-ConbLinl,  IX-linUion  of,  433 
Time  (  onstnnls.  Taltle  of.  434 
Torsion  Raluiicv.  loulomb'».  14,  103 
Tmiii-Car— .\ccumul.Ttors,  85  ;   Con- 
duit   I,iiH-i.    725;     Mid-R.iil.    728; 
Motor.    Kdison.    701  ,    Motor.   50 
Horse- Power.  702;  Soullicnd,  728; 
Switches.  733 
Tram-tars  — finidford.  730;  EIt.-.;lric, 
715 ;       Motor,      731  ;       kevcrsiii); 
Switches  for,  735;  Second.inf  Bit 
lery.     717  ;     South     StafTordsliire, 
721;     '['ninsmlttcU     f'owcr,     719; 
TroUfy.  720 
Trani-IJnes.  ICarlh  Rclurns  for,  727 
Tr.disforination  of  lCiicr)jv.  24 
Tritiijiforiiu-r  — lilcclric  Welding,  558  ; 
Karaday's  i-'irst.  661:  FcrrAnli,  691 ; 
IxiHric-llall.  690 
Trjmsformers,  Opcn-Circnit.  tvji 
TMiisfonncr— Swinbm-n^s    "  Ili-dce- 
hog."  69J  ;  Tcsla'i  High-Trcssurc. 

Transformers — 673  ;  Allcmale-Ciir- 
lent,  f)8o;  "  D.-iiike<l."iy)8  ;  C)os«l- 
Circuit.  689 ;  fontinuius-Currcnl. 
675  ;  Necessary.  056 

'I  ranslalfir.  625 

TransMiilter,  Blake's,  623 

Transmitted  Power  Tr.im-rars,  719 

Transmitter— Autonialic  Cable.  6c>'> . 
Crosslry  s  (>J3  ,  Ellison's  Carlion, 
6a  I ;  KKch»nge  Teleg  aph  (.'om- 
pany's.,596:  Hunniiig's,624;  Qnick- 
S|)eed,577  1 

Transmitter* -Telegraphic,  573.  6o5  ; 
Telephonic.  617 

Transini'-sion — of  Cower.  650;  I'oly- 
ph:i>«.  668  ;  Systems  of,  651.  657 

Transparent  Scale,  349 

Trolley— lanes,  720  ;  Wheel  and 
Mast.  724 ;  Wire,  Insulators  for, 
733  :  Wire,  Overhead.  721 

Tnicks,  Motor.  710.  744 

Tubes  of  Force.  320 

'Twisted  Wires,  642 

Two-fluid  riieory  of  Magnetism,  to6 

Unit — Board  of  Tr.ide,  414  ,  Lurrent, 
IX-finilion  of,  305,   37a  ;  Magnetic 


Judex. 


Pole,  105  ;  of  Resistance.  Siemens  . 
273  .■  Quantity  of  lilcclricity.  305  i 
Quantity  of  Magnetism.  105 
Usi*  of  G-alvanomelers.  381 

Variation  —Mogncti-.  128;  of  the 
Magnetic  KIcments.  135 

Wlocity  of  ICIerlric  Waves.  464 
I  Volt— Definition  of  the.  387  ;  'The.  a 
I  'nit  of  Pressure,  40 

VoUs,  Lost,  295 

Vn!in,  15 

Voltaic  Cell— Action  of.  39;  Condi- 
tions of  fonnati'in  of,  49 

Voltaic  Pile.  15.  32 

Vo'iamcter.  Cop|)er.  333  ;  Waler, 
298  ;  Silver,  331 

Volta's  Crown  of  t.  up^i,  31 

VoPmeler — for  Second  try  Cells.  88  ; 
Multicellular,   447;    'Hi-j    Cardew. 

Voltmeters— lilcclroilfltlc,  445;  G.tl- 
vanomrier  J  as,  3S7  ;  Magnetic,  389; 
'rherm:«l,  390,  448 

Wal'-socket  and  Plug,  540 

Waler— l>«.H>nipwilioni)f,  14, 15.  ajS; 

Vijltamevr,  39? 
Watson,  Sir  WilUnni,  1 1 
Wjtl,  Definition  of  the,  408 
Watlmelcr,  Swinburne's  Non-Indnc- 

live,  450 
Wattmeters  -409;  Allcrn.-itc-Ciirreiit, 

1-19 

Waves,  lileelric,  4''>2 

Welding.  K'cctric.  5^6 
'  Weslinghouse  Ahemitor.  242 
1  WhMtstone  and  Cooke's  Telegraph, 

Whe^t -time's  Bridge,  381 

Wilde's  Dynamo,  227 

Wilniol's  Cable  Transmilter.  60S 

Wimlings.  FieldMagnet.  2t5 

Wiring.  HoU'e.  ;,3J 

Wire -Insulators    for     Trolley.    723; 
,      Overhead  Trolley.  723 

WoUaslon  s  Hillery,  34 
'  Woolrichs    Tlleciro  plating   Dynamo, 

j  Workshops.  Kleclric  Power  in.  753 
Writer,  Morse's  Ink.  58 j 

Zinc  Sulphate,  formation  of,  38 
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